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Characteristics and predictability of a supercell during HyMeX SOP1
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An analysis is presented here of intense convection affecting the Friuli Venezia Giulia region
(FVG, northeastern Italy) during the Intensive Observation Period 2b (IOP2b) in the first
Special Observation Period (SOP1) of HyMeX (HYdrological cycle in Mediterranean
EXperiment). The present study focuses on the first of three severe-convection episodes
that affected FVG on the morning of 12 September 2012. In the first episode, a supercell,
which produced hail and severe damage to trees and buildings, was observed on the plain
of FVG. The available observations are analysed together with a high-resolution mesoscale
model, in order to identify the relevant mechanisms for the formation and development of
the cell. Six different simulations were performed starting at three different initial times,
using respectively two different analysis/forecasts as initial/boundary conditions. A large
spread in forecast precipitation is found among the six simulations. Only a few of the
simulations were able to reproduce intense rainfall on the plain of FVG during the morning,
although with significant differences in the rainfall distribution among them. One of the
six simulations well reproduces the observed elongated distribution of the intense rainfall
maximum; the characteristics of the cell responsible for this distribution are consistent with
those expected for a supercell and its simulated evolution near the Adriatic coast agrees well
with the other observations. Some instability parameters over the FVG plain and offshore
(over the northern Adriatic Sea) are analysed every 5 min, showing that during this event the
potential instability varies significantly over small space and time intervals and among the
simulations. The best simulations have the best match to the observed potential instability
calculated using the mean characteristics of the lowest 500 m layer.
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1. Introduction

Recent events have made it clear that severe convection is not
rare in the Mediterranean region and may sometimes produce
significant damage and casualties. For example, on 8 July 2015,
an EF4 (Enhanced Fujita Scale 4) tornado struck the area west
of Venice, causing one death and 72 injured, while a multi-
vortex EF3 tornado affected southeastern Italy on 28 November
2012, causing one casualty and estimated damage of 60 M¤
to the largest steel plant in Europe (Miglietta and Rotunno,
2016). The monitoring and prediction of such severe localized
convective events requires a deeper understanding of the relevant
mechanisms necessary for their development. The present article
is a contribution towards this goal.

†The National Center for Atmospheric Research is sponsored by the National
Science Foundation.

Routine short-term (0–36 h) numerical weather forecasts of
deep convection have existed for about a decade (Weisman
et al., 2008). These forecasts strongly rely on mesoscale
(O (100–1000 km)) features in the initial condition to predict
the location and timing of areas of convection, as well as the type
of convection (supercells, squall lines, etc.). The state-of-the-art
practice is to use ensembles of such forecasts generated by diverse
initial conditions in order to estimate the forecast uncertainty
(Schwartz et al., 2015). As the predictability limit for convective-
scale elements is at most a few hours (Lilly, 1990), the precise
location, timing and type of convection within the mesoscale-
model-predicted area is of course not possible. The possibility
of making short-term (0–60 min) forecasts using cloud-scale
models of severe convection is described in Stensrud et al. (2009).

As the studies quoted above are in the context of the physical
geography of the USA, the experience gained from them cannot
be simply applied to the Mediterranean basin, where the different
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physical geography (e.g. the presence of complex orography,
coastlines, land–sea gradients of temperature and surface drag)
may affect the conditions for the initiation and development of
convection.

The Friuli Venezia Giulia region (FVG, northeastern (NE)
Italy) has a high incidence of deep convection and thus is a
natural laboratory for the analysis of such events. Together with
the peak in the average yearly rainfall in the Alpine region
(Frei and Schär, 1998; Isotta et al., 2014), a high frequency
of thunderstorms (Feudale and Manzato, 2014), hailstorms
(Manzato, 2012; Punge et al., 2014), tornadoes and waterspouts
(Giaiotti et al., 2007) have been identified in the climatology
of FVG; other high-impact events, such as bow-echoes (Pucillo
and Manzato, 2010) and heavy rain episodes (Davolio et al.,
2016) have also been observed. The frequent occurrence of
these events is due to the interplay among frontal systems,
orography, and the relatively warm and shallow Adriatic Sea that
borders FVG.

For these reasons, FVG was included as a target area both
in the Mesoscale Alpine Programme (Bougeault et al., 2001)
and in the Hydrological cycle in the Mediterranean Experiment
(HyMeX, http://www.hymex.org), first Special Observation
Period (SOP1: Ducrocq et al., 2014). In the latter campaign,
three severe-convection episodes affected FVG during Intensive
Observation Period 2b (IOP2b), on the morning of 12
September 2012. In the first of these episodes, a supercell
formed on the plain of FVG and produced hail and severe
damage to trees and buildings near the coast. This case is
investigated here with a high-resolution numerical weather
prediction model to explore the characteristics of the event
and the sensitivity of precipitation and of the supercell features
to different initial and boundary conditions. Although the
physics parametrizations can also influence the simulations,
here the schemes are kept fixed for simulations (although
some preliminary sensitivity tests have been performed; see
section 3).

The article is organized as follows. Section 2 provides a synoptic
and mesoscale overview of the event. Section 3 is focused on
numerical simulations, including a comparison with the available
data (surface-station measurements, satellite-derived winds and
radiosonde profiles) and a discussion of the modelling results
from a predictability perspective. Section 4 presents the features
of the simulated storm, identifying the characteristics typical of
supercells. Conclusions are summarized in section 5.

2. Synoptic and mesoscale conditions

A detailed description of the synoptic conditions during IOP2b
of HyMeX SOP1 is provided in Manzato et al. (2015), hereafter
M15; here only a brief summary of the most relevant features is
reported. The 500 hPa geopotential height map in M15’s Figure 2
shows a diffluent trough, associated with a cold front, moving
across western France, from the north Atlantic southeastward on
the morning of 12 September 2012. The trough and cold front
reach NE Italy in the late afternoon of the same day (Figure 1(a)).

A closer look at the mean-sea-level pressure (MSLP) field in
Figure 1(a) shows two small-scale cyclones which help guide
warm, moist air to FVG: an orographic lee cyclone in the Gulf of
Genoa and another cyclone over the Po Valley. The latter pressure
minimum is associated with a low-level cyclonic circulation that
straddles the Adriatic coast of FVG. This latter circulation has
intense southeasterly winds, which move warm and moist air
northward along the east side of the Adriatic and a southwesterly
wind that flows downslope across the Apennines. This flow
configuration produces an elongated tongue that brings moist
air from the sea inland where it is available to feed convection.
Further verification of this mesoscale flow pattern is found in
the present case by the satellite-retrieved surface wind from the
Advanced Scatterometer (ASCAT) at 0839 UTC over the Adriatic
Sea (Figure 1(b)).

The 6 h accumulated rainfall from 0600 to 1200 UTC, 12
September in Figure 2 is estimated by the Fossalon di Grado radar
using the Marshall and Palmer (1948) equation and corrected with
rain-gauge measurements. Intense and widespread precipitation
affects the region, with a peak of more than 150 mm in 6 h
in the western part of the FVG Prealps, and another band of
intense precipitation (estimated at about 75 mm) generated by
the supercell, extending from the Veneto region eastward along
the coastal regions (near Palazzolo in Figure 2).

The evolution of the atmospheric vertical structure at Udine
(46.03◦N, 13.18◦E), which is near the centre of the FVG plain,
shows that several features conducive to intense convection
occur on the morning of 12 September (Figure 3). First, a
southeasterly low-level jet of moist and warm air between
400 and 1400 m above mean sea level (amsl) at 0600 UTC,
which is responsible for the high values of equivalent potential
temperature (θ e > 330 K) in the lower troposphere. The latter
feature, combined with colder θ e-air advection at middle levels
(see the slope of the black isotherms between 4 and 7 km amsl),
produce conditions of potential instability, increasing the value
of convective available potential energy (CAPE) to approximately
2000 J kg−1. At the same time, weak convective inhibition (CIN)
makes the environment favourable to the triggering of convection.
An increase of the vertical wind shear is also apparent, due to
the intensification of the upper-level wind and the rotation
of the low-level wind from westerly to easterly. Such unstable
conditions are then quickly eliminated by the entrance of much
colder air associated with a frontal system in the afternoon of
12 September.

The transit of cloud systems across the region and the triggering
of convection can be identified in M15’s Figure 4, where
images from the European Organisation for the Exploitation
of Meteorological Satellites (EUMETSAT) experimental 2.5 min
rapid scans from the High Resolution Visible channel of
Meteosat Second Generation are shown. At around 0630 UTC,
12 September, M15’s Figure 4 shows the first convective cell is
triggered in the Alpine foothills, in the western part of the FVG
region, where the 6 h accumulated rainfall maximum of 150 mm
is observed. The radar data presented here in Figure 4 shows that,
in the next 1.5 h, the ‘northern storm’ (as referred to in M15)
intensifies approximately in the same location. In the following
hour, a new cell, the ‘southern storm’, develops and grows
rapidly.

The evolution of the two cells is clearly identified in detail in
Figure 4. The radar reflectivity maps indicate the triggering of
the southern cell near the Adriatic Sea at approximately 0740
UTC (not shown) and its subsequent northeastward movement
(shown in Figure 4 between 0810 and 0830 UTC). Since the
environmental wind is westerly and this cell moves to the left
of the flow, it is the ‘left mover’ of a previous supercell split
(Weisman and Klemp, 1982), as also suggested by radar data.
From the analysis of M15 (their Figure 13), the northern storm is
also very likely a supercell. When the two (probable) supercells get
closer to each other at about 0830 UTC, the southern storm is able
to intercept the moist low-level air (Figure 1(b)) that had been
feeding the northern storm, so that the latter suddenly dissipates
(Figure 4). Finally, the remaining cell deviates eastward along
the coast, where it exhibits supercellular features, such as the
hail reported in Latisana and the intense downdraught/outflow
in Palazzolo at about 0900 UTC (Figure 4). Later on, the system
moves along the coast evolving into a bow-echo pattern, as shown
in M15’s Figure 5(d).

The different evolution of θ e observed at four surface stations,
whose locations are shown in Figure 2, is stressed in Figure 5.
While Udine, which is north of the area of main convective
activity, shows small variations of θ e, the other three stations
exhibit very sharp drops corresponding to the storm passage.
Such large drops in θ e suggest a strong efficiency of the storm
in converting the environmental thermodynamic energy into
precipitation and kinetic energy.
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Figure 1. (a) 500 hPa geopotential height (gpm; light lines) and mean-sea-level pressure (hPa; dark lines) at 0600 UTC 12 September 2012, from the ECMWF forecast
(initial time 0000 UTC 12 September 2012) (Courtesy of Arturo Pucillo, OSMER – ARPA FVG); (b) wind data (m s−1) from MetOP-ASCAT scatterometer (12.5 km
horizontal resolution) at 0839 UTC 12 September (Courtesy of Stefano Zecchetto, ISAC-CNR). The locations of the places mentioned in the text are shown in (a),
and the box in (a) corresponds to the domain shown in (b).

Figure 2. FVG 6 h accumulated rainfall (mm) in the period 0600–1200 UTC 12 September 2012 (six-level radar data corrected with rain-gauge observations).
(Courtesy of Andrea Cicogna, OSMER - ARPA FVG).

3. Numerical simulations

3.1. Simulations with WRF model

The supercell described above is analysed here by means
of numerical simulations performed with the Weather
Research and Forecasting (WRF) model, version 3.5.1 (see
http://www.wrf-model.org: Skamarock et al., 2008). WRF is a
state-of-the-art weather prediction system that solves the fully

compressible, nonhydrostatic equations of atmospheric motion.
Forty terrain-following hydrostatic-pressure vertical levels are
used in the present simulations, their vertical distance rang-
ing from 58 m in the boundary layer to 600 m in the lower
stratosphere. In order to analyse the detailed evolution of the
meteorological parameters, model output is saved every 5 min.

The model is implemented using three different one-way-
nested grids, with horizontal spacings respectively of 9, 3 and
1 km, extending for 190 (in the east–west direction) × 150 (in the
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Figure 3. Vertical–time series in the layer 0–7000 m amsl (left scale) of soundings at the location of Udine sounding station (46.03◦N, 13.18◦E) from 1200 UTC
11 September to 0000 UTC 13 September 2012, with horizontal winds (barbs) and θ e (bar scale). Superimposed are estimates of CAPE (light line) and CIN (dark line
without contour labels) – the scale of these two parameters is on the right vertical axis-, LFC (Level of Free Convection) (‘+’ signs), and temperature (black contours).
Observed soundings are reported every 6 h between 0000 UTC 12 September and 0000 UTC 13 September, due to the request of two additional soundings at 0600
and 1800 UTC (note that the wind at 1800 UTC is not shown because it was not recorded correctly).

north–south direction) grid points in the outer grid, 271 × 163
in the middle grid and 181 × 181 in the inner grid (Figure 6).
The area of interest is in the centre of the inner domain and on
the eastern side of the two outer domains, in order to properly
represent the large-scale evolution of the trough, which propagates
from the west.

Since the predictability of the event is the main subject of
the present article, different initial/boundary conditions are
considered to force the simulations. In particular, the European
Centre for Medium-range Weather Forecasts (ECMWF) and the
Global Forecasting System (GFS) analyses are used as initial
conditions. The boundary conditions are updated every 3 h
with the ECMWF Integrated Forecasting System (IFS) and GFS
forecasts; thus the simulations are performed in an operational-
like configuration. Also, different starting times have been tested
to initialize the model simulations, respectively 0000 and 1200
UTC, 11 September 2012, and 0000 UTC, 12 September 2012.
Simulations are named according to the initial time, for example
the run forced with GFS data starting at 1100 UTC, 12 September,
is named as GFS1112. As will be shown, GFS1112 is the simulation
that best reproduces the observed evolution of the supercell, hence
it is considered the ‘control run’ hereafter.

Preliminary experiments were undertaken to identify an
optimal set of parametrizations, able to better reproduce the
cell evolution. Following the outcome of these experiments, the
model is implemented with the following schemes: Thompson
et al. (2008) microphysics; Rapid Radiative Transfer Model
(RRTM) for long-wave radiation based on Mlawer et al. (1997)
and Dudhia (1989) for short-wave radiation; the unified Noah
land-surface model (Niu et al., 2011); Mellor–Yamada–Janjic
planetary boundary layer (Janjic, 2001). Thus, the schemes are

the same as those employed for the simulations with the WRF
model in M15. Since the large-scale forcing is the same, the better
result of the GFS1112 run in reproducing the supercell evolution
compared to the simulation in M15 indicates the importance of
domain sizes (which are larger in the present study) and, mainly,
of the fine horizontal resolution required for a realistic simulation
of meso-γ scale features.

There is no consensus on the use of convection parametrization
for grid spacing slightly smaller than 10 km, as in the outer
domain used here. Done et al. (2006) reported on cases of fairly
intense convection with mesoscale organization, showing there
is no advantage of using a cumulus parametrization even for
grid spacing slightly larger than 10 km. In the present study, no
cumulus scheme is used in any domain. In order to see how this
choice affects the simulation, an additional run was performed,
using the same configuration as GFS1112, but switching on the
Kain (2004) cumulus convection scheme in the outer grid and
leaving the explicit treatment of convection only in the two inner
domains.

Additionally, different schemes for the planetary boundary
layer (PBL) have been tested; we believe that the PBL
parametrization plays a key role in the present case-study by
modifying the characteristics of the atmosphere in the low levels,
thus the instability properties and the flow dynamics. In both
cases, differences of the simulations with the GFS1112 run are
relatively minor compared to those emerging among experiments
with different initial times and/or large-scale forcing: they show
the same solution characteristics, with only slight modifications
in the rainfall amount and distribution. As a consequence,
hereafter the predictability analysis will focus on the sensitivity
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Figure 4. Vertical Maximum Intensity (VMI) of the reflectivity (dBZ; shaded; grib228 bar) measured by the Fossalon di Grado radar at 0810, 0820, 0830, 0840, 0850
and 0900 UTC, 12 September 2012, with equivalent potential temperature (θ e in K; numbers) and 10 m wind (m s−1; arrows) observed by surface stations 5 min
later and CESI (Centro Elettrotecnico Sperimentale Italiano) cloud-to-ground lightning (strokes; lower bar) ±6 min around the nominal time. Mountain elevation is
shown with the elevation bar.

to different initial/boundary conditions without considering the
role of parametrization schemes.

3.2. Mesoscale and precipitation patterns

In M15, both models (MOLOCH and WRF) used for the
simulation of the event were able to reproduce the triggering
of convection over the foothills of the Alps. Also, they simulated
some mesoscale features that possibly played a key role during
this phase, such as the tongue of warm air advected by an intense
low-level jet. However, both models missed the exact timing,
location and movement of the cells. Thus, although both models
captured the mesoscale environment fairly well, they were far
from being an accurate simulation of the convective system.

In order to better explore this point, six experiments
were performed with the WRF model using different initial
and boundary conditions, as discussed in section 3.1. The
characteristics of the low-level inflow of warm, moist air at 0600
UTC are shown in Figure 7 for all runs. The simulations show that

important mesoscale differences near the mountains and over the
plain are already present before the triggering of convection near
the foothills. Thus, the discrepancies growing from initial small-
scale differences spreading upscale as a consequence of moist
convection (Zhang et al., 2002, 2003) probably have a minor
effect here.

The ECMWF runs (Figure 7, right) all show a similar pattern at
0600 UTC: the warm-air tongue penetrates inland, although with
a different northward extent and intensity (the earlier the starting
time, the cooler the air and the narrower the jet), while the cold
air always remains confined near the mountains and the foothills.
The differences among the GFS-forced runs are more apparent
(Figure 7, left). The GFS1200 run shows a peculiar configuration,
since it is characterized by a wide area of very cold, low-level air,
extending from the mountains to the sea, while the warm tongue
is confined to a very narrow region close to the coast.

Compared with the ECMWF simulations, in the GFS1100 and
GFS1112 simulations the cold air shows a similar southward
extent near the foothills, but is somewhat cooler. Also the inland
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penetration of the warm air is much farther, with values close
to 340 K simulated even near the foothills (in particular in
GFS1112), and shifted farther to the west than in the other runs.
The westward deflection of the warm air in its northern tip
can be probably attributed to the cyclonic circulation around
the pressure meso-low in the Po Valley (Figure 1), centred near
Venice, which appears slightly deeper in the GFS1112 run than
in the other runs. This feature plays an important role in favouring
supercell development since it prevents the warm tongue from moving
eastward, forcing it to remain in the vicinity of the foothills. Between
the two experiments, GFS1112 has a much farther penetration
inland, and a stronger and more extensive low-level jet than
GFS1100.

As a consequence of the variety in the simulated mesoscale
patterns, there is a large variation in the way the flow interacts with
the orography and in the simulated precipitation. To summarize
the differences among the simulations, the 6 h accumulated
precipitation from 0600 to 1200 UTC is compared in Figure 8.
Only the GFS runs and the ECM1200 run are able to reproduce
intense rainfall in the FVG plain and the coastal area, although
with significant differences in its distribution. Similarly, the
variation of maximum updraught vertical velocity with time
(not shown) is characterized by a strong variability.

Two experiments shown in Figure 8, ECM1100 and ECM1112,
produce precipitation mainly in the northeastern part of the
region, near the border with Slovenia, in an area where the
observed precipitation is much smaller (cf. Figure 8 with Figure 2),
while no precipitation is simulated near the coast. In these
two cases, the warm tongue is advected too far north at later
times, while the cold air remains confined very close to the
mountains (not shown); thus the direct orographic uplift is
mainly responsible for rainfall in these runs.

The other experiment forced with ECMWF data (Figure 8(f))
reproduces an intense rainfall peak in the area affected by the
supercell, but the simulated precipitation is about 200 mm, about
twice that observed (and about the sum of the rainfall maximum
in the northern and southern storms). The coastal rainfall is
produced – as in the GFS experiments – at the northern terminus
of the low-level warm inflow, which remains quasi-stationary
near the coast for several hours (not shown). The peak in vertical
velocity is above 20 m s−1 for a few minutes, but the cell does not
show the rotation typical of supercells. Two minor rainfall peaks
are also simulated, one in the northeastern region, and another
one (corresponding to the observed maximum) near the foothills

at the border with Veneto region, but they are significantly
underestimated and shifted northward.

The simulated precipitation in the GFS1200 experiment in
Figure 8 is also very different from the observations. Some
orographic precipitation is again shown near Slovenia, while a
rain band is elongated from the west side of the region to the
east, following the eastward movement of the northern end of
the warm tongue in the morning of 12 September. However,
the timing is incorrect, the precipitation is shifted to the north
(cf. Figure 8 with Figure 2) and the intensity is significantly
underestimated.

The other two GFS-forced experiments in Figure 8 better
simulate the observed precipitation. Both experiments, in
particular GFS1112, show a persistent vertical velocity larger
than 20 m s−1 lasting for more than 1 h (not shown). Also, the
two simulations are the only ones that produce some rainfall in the
northern part of the region near the Alps, in agreement with the
observations. The GFS1100 run reproduces fairly well the rainfall
amount associated with the supercell near the coast, although the
affected region has a shorter east–west extent than that observed,
due to the earlier weakening of the supercell. Finally, the GFS1112
run reproduces well the observed elongation of the intense rainfall
maximum toward Slovenia, and the precipitation amount is close
to the observed. The observed maximum in the foothills is well
captured in the simulation, although separated into two distinct
and weaker maxima. The presence of the mountains in Slovenia
seems to prevent a longer duration of the supercell, which lasts for
about 1.5–2 h (in agreement with the analysis in M15’s section 5).
Markowski and Dotzek (2011) suggested that the reduced
humidity in the lee of the mountains has the effect of increasing
convective inhibition and is detrimental to supercell development.

Apparently, the successful simulation required a farther inland
penetration and a cyclonic rotation of very warm, moist air on
the west side of the FVG plain, which is accomplished only in the
GFS1100 and GFS1112 experiments (Figure 7). The differences
among the simulations evolve from different large-scale initial
conditions. Comparing for example ECM1112 with GFS1112 at
their (common) initial time, one can see that differences in the
initial forcing are relevant especially at low levels. In the latter
experiment the pressure low in the Po Valley is deeper, thus a
more intense pressure gradient has a more pronounced cyclonic
circulation, affecting the inflow of high-θ e air toward the eastern
Po Valley. Small-scale variations in θ e are known to affect the
potential instability of parcels in the layer where convection
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Figure 6. Model grids and topography.

originates (Done et al., 2012). The presence of high-θ e values at
low levels is required to make the atmosphere more unstable
and allow for the triggering of convection near the foothills, which,
as shown in section 4, leads to the cold-air outflow that plays
an important role in the later evolution of the storms. (Note that
the strong gradient of θ e corresponds to an area of low-level
convergence between the southerly inflow and a northeasterly
‘barrier wind’ from the Alps, which affects the pre-Alpine region
and the northern part of the Po Valley, as discussed in M15 and
Davolio et al. (2016), and favours convective triggering.)

Initially, intense precipitation (larger than 40 mm h−1) in the
GFS1112 run (Figure 9) is triggered near the rainfall maximum
observed in the foothills (Figure 2). This is an area where CIN
is low (below 20 J kg−1) and bordered on its southern side by a
band of high CAPE (above 1500 J kg−1), which was ‘advected’
northward on the morning of 12 September, through the
advection of the high θ e air at low levels. The simulated soundings
near the foothills show that the advection of low-level moisture
dramatically increases the instability of the environment in that
period. For example, at the point (46.0◦N, 12.75◦E), the CAPE is
about 350 J kg−1 and CIN is −25 J kg−1 at 0300 UTC; after 3 h,
an increase in the mixing ratio of about 2 g kg−1 at the level of the
most unstable parcel (950 hPa), produces an increase in θ e from
329 to 336 K and reduces the inhibition while the CAPE increases
up to about 1400 J kg−1. Changes in the upper-level profiles, due
to the incoming trough, appear as relatively minor in this stage.

3.3. Simulated and observed vertical profile and instability indices

The time evolution of the atmospheric profiles simulated at the
grid point closest to Udine in the GFS1112 run is shown in

Figure 10. Since the time resolution of the model output is 1 h,
the rapid changes in the meteorological fields can be detected
with greater detail than in the observed time evolution (Figure 3).

The vertical structure of the equivalent potential temperature
at Udine, simulated by the model, appears consistent with the
observed evolution (cf. Figure 10 with Figure 3). In particular, the
GFS1112 run correctly represents the arrival of cold, dry air at mid-
levels, the presence of low-level high-θ e air, the large instability
(high CAPE) in the early morning of 12 September, the rotation
of the wind vector in the low levels along with the intensification
of the wind speed in the upper levels and the transit of the cold
front in the evening. However, the evolution in the simulation
occurs a few hours earlier than in the observations. Compared
to Figure 3, the more-frequent model output in Figure 10 shows
the presence of high-θ e air extending from the ground to the
upper troposphere corresponding to the development of deep
convection, simulated both in the morning and afternoon of
12 September.

One of the main aspects that influence the predictability of this
event is the models ability to simulate the vertical structure
of the temperature, humidity and wind, which determine
potential instability and type of convection (e.g. supercells,
multicells, etc.). In order to compare the potential instability
and wind profiles among the simulations, as well as with the
observed values, sounding-derived and model-derived indices are
calculated (Manzato, 2008), before and during the convection.
Four instability indices are calculated for all six runs to represent
the evolution on the morning of 12 September. On the right side
of Figure 11 both the observed values (cross marks) derived from
the Udine radiosondes (46.03◦N, 13.18◦E) and the simulated
values every 5 min are shown. On the left side of Figure 11, the
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Figure 8. Six-hour rainfall simulated (WRF inner grid) from 0600 to 1200 UTC, 12 September 2012, from GFS runs initialized at (a) 0000 UTC 11 September,
(b) 1200 UTC 11 September, (c) 0000 UTC 12 September and from ECMWF runs initialized at (d) 0000 UTC 11 September, (e) 1200 UTC 11 September, (f) 0000
UTC 12 September 2012. The location of the Udine sounding station is shown with the black point.
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Figure 9. CAPE (shading; right-side bar) and CIN (light contour =−20 J kg−1) at 0600 UTC 12 September 2012; hourly rainfall (shading; left-side bar) at 0700 UTC.
The orography (m) is in grey tones. The location of the Udine sounding station is shown with the black point.

simulated indices are shown at a grid point located offshore over
the Adriatic Sea (45.4◦N, 13.0◦E). All these indices are computed
with the ‘Tv method’ described in Manzato and Morgan (2003),
which uses also the ‘virtual correction’ suggested by Doswell and
Rasmussen (1994). Moreover, a centred moving average of three
points (10 min of time interval) has been applied to smooth the
fast varying indices; even so, the time evolution is very fast, with
the indices over land having much sharper fluctuations than those
offshore.

The classical Lifted Index (LI: Galway, 1956), which uses as the
initial parcel the mean air properties in the lowest 500 m, is much
larger offshore (LI in the range −5 to −8 ◦C) than over land
(LI from 0 to −4 ◦C) between 0500 and 0800 UTC (Figure 11(a)).
In the GFS runs, the model-derived LI is closer to the observed
values in Udine, in particular at 0535 UTC. However, the Lifted
Index using the most unstable parcel method (MUP, not shown),
in which the initial parcel corresponds to the maximum θ e in the
lowest 250 hPa, shows that ECMWF runs have a better estimate
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Figure 10. As Figure 3, but for GFS1112 simulated soundings at the location of the Udine sounding station (46.03◦N, 13.18◦E). Temperature (◦C) and θ e (K) are
shown every hour, with horizontal winds every 6 h. The left vertical scale refers to pressure (hPa).

of LI using MUP, due to its better estimation of the maximum
θ e in the lowest 250 hPa (Figure 11(b)), which is located above
500 m. In conclusion, it seems that potential instability based on
the lowest 500 m is better described by GFS, while that based
on the most unstable parcel (located at higher levels) is better
described by ECMWF. The fact that GFS1112 better reproduces
the observed dynamics and the precipitation indicates that the
potential instability based on the very low levels (lowest 500 m) is
the most important to be well predicted in this case.

The sounding-derived maximum θ e at 0535 UTC is higher
than the highest simulated θ e, while the observed maximum
θ e at 1105 UTC is slightly lower than the lowest simulated θ e

(Figure 11(b)). This means that the drop of almost 10 K in air mass
between 0535 and 1105 UTC is underestimated by all six models
(similar conclusions can be drawn for the sudden drop of 20 K
observed at the surface in Figure 5). Consistent with the LI, the
simulated maxima of θ e have much higher values offshore than
inland (Figure 11(b)). This very strong north–south gradient of
θ e across the coast is very significant considering that the two
locations are only 70 km apart. The feature of the simulations
corresponds well with the surface observations, as the value of θ e

in Udine is on average 10 K lower than it is in Lignano before
storm passage (Figure 5). This observation means that the very
warm, moist air remains confined mainly near the coast, in the
west part of FVG.

The fast variations in the simulated Udine indices can be
attributed to sudden changes in the northern extent of the
low-level jet, probably associated with the movement of the
convective cells along the region, which may temporarily block
the southerly inflow of warm and moist air. Figure 11(c) shows
the meridional component of the mean wind in the lowest 500 m
(LLWv, with positive values indicating southerly flow). We see
that, while a weak southerly component (from about 0 to 4 m s−1)
is simulated for most of the time in Udine, for a short period
the wind becomes northerly in some runs (GFS1100, GFS1200,
ECM1200), due to the outflow associated with the northern storm
(Figure 4).

LLWv in the point offshore (Figure 11(c)) is southerly for all
time and all runs, apart from ECM1100, and shows a progressive
intensification of its magnitude until about 9 m s−1, followed by a
sudden drop (occurring between 0730 and 0830 UTC, depending
on the model), as to track the passage of a low-level jet. This
is in agreement with the presence of a southerly low-level jet
over the Adriatic Sea, observed at 0839 UTC in Figure 1(b). The

LLWv drop is less pronounced in the three GFS runs than in the
remaining two ECMWF simulations, hence GFS runs are more
efficient in pushing the high-θ e air of the lowest 500 m from the
sea inland.

Lastly, the storm-relative helicity (SRH, Figure 11(d)), which is
calculated in the lowest 3 km considering the simulated eastward
storm speed of 7 m s−1, is evaluated to estimate the potential for
the rotation of the cyclonic updraught. The simulations are in
good agreement with observations, in particular GFS1112 and
GFS1200 (note also that the values for the GFS1112 run are
the highest in the point offshore). The parameter shows intense
fluctuations inland; offshore the peak occurs a couple of hours
earlier (between 0700 and 0800 UTC, depending on the model
run). In contrast with most of the other indices, the peaks of this
parameter are much higher inland than offshore, probably due
to the much stronger wind shear brought about by larger drag
over land, in particular in the presence of complex orography.
Simulated values of helicity higher than 100 m2 s−2 in Udine
occur in all models, denoting a larger potential for cyclonic
updraught rotation inland. For example, Manzato (2003) found
that, in 1229 cases reporting lightning in FVG in 6 h time-slots,
the median of the SRH distribution was 29 m2 s−2, while only 5%
of the distribution had SRH as high as 174 m2 s−2. Hence, the
simulated value of more than 100 m2 s−2 is toward the upper tail
of the local distribution. The increase in this index reflects the
larger vorticity advection associated with the cold front and the
upper-level trough approaching from the northwest.

In conclusion, from this analysis we have learned that, at least
in this case, a more realistic simulation of the lowest levels (both in
terms of θ e and wind structure) seems to have a strong influence
on the better predictions of some forecasts with respect to others.

4. Supercell features

In the present section, the characteristics of the cell generated
by the merging of the northern and southern storm are analysed
and compared with the classical supercell conceptual model.
Thus, the three-dimensional structure of the flow around the
simulated supercell is investigated more deeply. In the following,
only the GFS1112 run, which reproduces better the observed 6 h
accumulated rainfall, is considered.

Following Rotunno and Klemp (1985), two distinctive features
are recognized as hallmarks of supercell thunderstorms: the
propagation to the right of the mean tropospheric wind shear
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Figure 11. From top to bottom: 10 min moving average of (a) Lifted Index, (b) θ e of the most unstable parcel, (c) low-level v-wind component and (d) Storm
Relative Helicity, (left) offshore over the Adriatic Sea (45.4◦N, 13.0◦E) and (right) in the grid point closer to Udine (46.03◦N, 13.18◦E), between 0500 and 1200 UTC,
12 September 2012. Note that the 0600 (1200) UTC Udine (WMO 16044) sounding has been launched at 0526 (1059) UTC and has reached 500 hPa at 0545 (1116)
UTC, so that the corresponding indices are plotted at 0535 (1105) UTC.
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Figure 12. (a) Vertical velocity (shading; value between −1 and 1 m s−1 are not shown), vertical component of vorticity (contour interval 0.005 s−1; black for negative
values, white for positive, 0 not shown), and wind vectors at 5500 m, (b) Maximum reflectivity (shading; values below 30 dbZ are not shown), θ e (contour interval
3 K; contours) and wind vectors at 100 m, simulated by the WRF model inner grid (GFS1112 run) at 0905 UTC 12 September 2012.

(apart from the left movers, as in Figure 4) and a significant
degree of organized rotation around the updraught that persists
for tens of minutes (Doswell and Burgess, 1993; Thompson,
1998). For the former, the simulated cell movement is from west-
northwest to east-southeast, approximately coincident with the
rain band elongation from Veneto toward Slovenia (Figure 2),
and agrees well with the observations (cf. M15’s Figure 5); thus, it
is rightward of the average tropospheric wind shear, which in the
morning of 12 September is approximately west-southwesterly
(Figures 3 and 10). M15’s Figure 13 confirms that the northern
storm and the merged cell, as simulated in that article, have the
rightward propagation typical of supercells. For the latter feature,
the near superposition of the maxima of the vertical velocity
and the vertical component of vorticity at 5500 m at 0905 UTC,
12 September (Figure 12(a)) is a typical feature of supercellular
systems. Also, on the northern side of the cell, a small area of
anticyclonic circulation is present, which can be associated with
the splitting of the original cell (generated on the Alpine foothills
at about 0600 UTC) induced by the downdraught, according to

the conceptual model discussed in Rotunno (1981, his Figure 3)
and Rotunno and Klemp (1982).

The structure of the cell at lower levels (Figure 12(b)) suggests
that the intense rainfall induces strong evaporation contributing
to the formation of a cold pool on the forward flank, which is
crucial for the baroclinic generation of vorticity along the cold-air
boundary and the low-level rotation of the system (Rotunno and
Klemp, 1985). Also, the inflow of moist, potentially unstable low-
level air from the Adriatic Sea that feeds the updraught is necessary
to continuously trigger convection above the surface gust front.
Such features are consistent with the conceptual model in
Markowski and Richardson (2010)’s Figure 8.20. However, in the
present case the supercell moves in synchronicity with the high-θ e

tongue; thus the evolution of the synoptic and mesoscale features
appears to control its displacement. (In particular, its eastward
movement follows the mesocyclone, while the southward
movement corresponds to the intrinsic dynamics of a supercell.)
While sharing a similarity with supercells forming on and moving
with a dryline (Bluestein et al., 2015), in the present case there is
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Figure 13. As Figure 7, but for GFS1112 run at 0915 UTC 12 September. The isosurface of w = 12 m s−1 and rainwater content at 1000 m height (contour interval
1 g kg−1) are also shown.

Figure 14. Two different trajectories wrapping around each other due to supercell rotation. The tones along the trajectories represent θ e (in K).

also the low-level jet coming from the Adriatic Sea. As discussed
in Feudale and Manzato (2014), the Adriatic Sea can be seen as
a ‘channel’ formed by the Dinaric Alps and the Apennines. Wind
can be channelized along the Sea while, on its northern side, the jet
is influenced by the Alpine barrier, causing local convergence and
inhomogeneity in the high-θ e tongue, and thereby influencing
the evolution of the supercell in way that appears qualitatively
different from supercells over the US Great Plains.

A three-dimensional view during the mature stage of the cell
is shown in Figure 13. The intense updraught (of more than
30 m s−1) is generated where the cold pool in the rear of the cell
and the warm air inflow meet, a few km from the coast. The
outflow associated with the downdraught is apparent, as well as
the low-level rotation below the updraught. The high rainwater
content assumes a bow-echo pattern, induced by the downward

movement of the potentially cold mid-level air, which is further
cooled down by the rainfall evaporation and moves underneath
the low-level inflow.

The low-level rotation is more apparent in Figure 14, where
two specific trajectories are shown. In agreement with Browning
(1964)’s supercell model and with Klemp et al. (1981), the rear-
flank updraught is created by ambient air entering the storm
along the right (south) flank and then wrapped around the rear
flank by the strengthening mesocyclone, while the forward-flank
downdraught is wrapped around the north side of the updraught.

5. Conclusions

The present article focuses on a severe-convection episode
occurring in Friuli Venezia Giulia (FVG, NE Italy) on the morning
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of 12 September 2012, during the Intensive Observation Period
2b (IOP2b) in the first Special Observation Period (SOP1) of the
HyMeX campaign. One supercell, which produced hail and severe
damage to trees and buildings, developed on the plain of FVG and
was generated by the interaction between two previously existing
cells.

Observations are analysed together with high-resolution WRF
model simulations to identify the mechanisms responsible for
the formation and development of the cell. Among six runs,
starting from different large-scale forcing at different times, the
simulation initialized at 1200 UTC, 11 September 2012 forced with
GFS analysis/forecasts (GFS1112) is the one that best reproduces
the observations which included a supercell thunderstorm.

The mesoscale features responsible for the event are well
identified. Warm, moist air, mainly confined near the coast,
is advected by a low-level jet toward the Prealps (Figure 2),
producing large instability (although smaller than offshore)
by increasing the local value of water-vapour mixing ratio, θ e

and CAPE; at the same time, an area of low-level convergence
between the southerly inflow and a northeasterly barrier wind
from the Alps favours convective triggering in the foothills;
finally, cold air advection in the middle levels enhances potential
instability.

A strong sensitivity to the initial and boundary conditions is
demonstrated: only two of six simulations (GFS112 and GFS1100)
were able to reproduce a persistent updraught rotation and the
rightward movement typical of supercells; in two runs (ECM1100
and ECM1112), no precipitation is simulated along the coast,
with rainfall generated by direct orographic uplift only near
the Alps; in the other two runs (GFS1200 and ECM1200), the
timing and the intensity of rainfall is far from that observed,
and may possibly be affected by the model spin-up, since the
triggering of convection started only a few hours after the
initial condition. Considering that all the above experiments
are undertaken in an operational-like mode, this result clearly
shows that an ensemble approach (even a ‘poor man’ ensemble,
as the one shown here) appears absolutely necessary to provide
some indication on the risk of localized severe convective weather.
Given a set of different simulations, a forecaster should consider
the different outcomes emerging from an ensemble approach;
in a nowcasting perspective, he/she should continuously follow
the observations and give more credit to the model evolution
remaining closer to them. From the preliminary experiments
performed to identify an ‘optimal’ set-up and from the results
in M15, the sensitivity to physics and to the limited-area model
appears minor compared to that due to different larger-scale
forcing and initial starting times, at least for this case. Also, due
to the small horizontal scale of the supercell, a grid spacing
of about 1 km is required for a proper simulation of this
feature.

Another lesson that forecasters can learn from this work is that
the occurrence of an – apparently – small low pressure above
the Venice area can be considered as a warning signal for severe
weather development. It seems that the successful simulation
requires a deeper low in the Po Valley giving a farther inland
penetration of deep (∼500 m) low-level high-θ e air, especially on
the west side of the FVG plain, a weak (but non-zero) convective
inhibition, necessary to confine the release of convection near
the foothills, where the cold-air outflow plays an important role
in the later evolution of the storm and, finally, low-level cold
air confined near the mountains and the foothills. The latter
point is very tricky, since cold air generally remains confined
mainly in the narrow Alpine valleys, which are well below the
resolution of a large-scale model. Unfortunately, the presence of a
cold-air damming may easily be missed or misrepresented in the
initial and boundary conditions. The significant climatological
underestimation of the rainfall simulated by ECMWF forecasts
in the FVG plain and coastal area during summer (Manzato
et al., 2016) is probably also a consequence of this kind of
limitation.

The analysis of some instability parameters over the FVG plain
and offshore (over the northern Adriatic Sea) before and during
the event reveals significant small-scale variations in space and
time, mainly as a consequence of the variations in the low-level
θ e. In particular, the sudden variations simulated in Udine are
probably associated with the movement of the convective cells,
which may temporary limit the tongue of warm air more to the
south.

Lastly, supercell features emerging from the best simulation
are consistent with the classical supercell model developed in
Rotunno and Klemp (1985) mainly for US Plains supercells.
However, while in the latter case the pattern of θ e is generally
homogeneous and stationary, in the present case the synchronous
movement of the high θ e tongue with the cell is a distinctive feature,
which appears to be controlled mainly by mesoscale features.
Also, the interaction of the moist and warm low-level jet with the
Alps causes local convergence and inhomogeneity in the high-θ e

tongue (as shown also in Figure 1(b)), influencing the evolution
of the supercell. The generality of these results should be tested
extending a similar analysis to other Mediterranean events.

For future work, we plan to simulate the environment
conducive to the present supercell in idealized conditions. In this
way, we can systematically analyse the sensitivity of the solution
to a range of values or to small perturbations added to the relevant
parameters, in order to better understand the mechanisms
that may have affected the triggering and development of the
supercell, making apparent the differences with respect to the
US supercell environment. Also, since the characteristics of the
present supercell appear to have survived only for a short period
(a few tens of minutes), the reason for such a short lifetime need
to be analysed and discussed, possibly considering the role of the
orography.
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