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ABSTRACT

On 28 November 2012, a multivortex EF3 tornado occurred in southeastern Italy causing one fatality and
estimated damage of 60 million euros. At approximately 1050 LT (0950 UTC), this tornado, which initially
formed in association with a supercell thunderstorm over the Ionian Sea, moved inland. The environment
where the tornadic supercell developed was characterized by large vertical wind shear in the lowest 1 km of
the atmosphere and moderate conditional instability. Mesoscale-model numerical simulations show that it is
possible to produce a simulated supercell thunderstorm with a track, change in intensity, and evolution similar
to the actual one that spawned the tornado in Taranto, southern Italy. The genesis of the simulated supercell is
due to a combination of mesoscale meteorological features: warm low-level air advected toward the Ionian
Sea, combined with midlevel cooling due to an approaching trough, increased the potential instability; the
intense vertical shear favored the possibility of supercell development; and boundary layer rolls over the
Ionian Sea moved in phase with the cells produced by the orography of Calabria to supply ascent, moisture,
and heat to the convection. An unusual feature of the present case is the central role of the orography, which
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was verified in a sensitivity experiment where it was reduced by 80%.

1. Introduction

Although not generally known, there is a rich history of
tornado activity in Italy (Peterson 1998). Recently, the
occurrence of several intense tornadoes in Italy has pro-
duced renewed interest in the phenomena. For example,
on 8 July 2015, an EF4 tornado struck an area near
Venice, causing one death and 72 injuries and completely
destroying a villa that dated back to the seventeenth
century (ARPAYV 2015). A multivortex EF3 tornado hit
Taranto, in southeastern Italy, on 28 November 2012, and
was responsible for one death and estimated damage of
60 million euros (Miglietta and Rotunno 2016, hereafter
MR16). A numerical simulation of the meteorological
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causes for the severe weather in this case using the
Weather Research and Forecasting (WRF) Model is the
subject of the present study.

Most studies of tornadogenesis in the Mediterranean
have focused on mesoscale and synoptic-scale observa-
tions. Bech et al. (2007) found that a mesoscale
convergence line in a highly sheared and relatively low-
instability environment was responsible for a tornado
outbreak near Barcelona, Spain, during September
2005. Bertato et al. (2003) found the thermal boundary
generated by previous storm outflows and their modifi-
cation by orography could have played an important
role in producing a tornado in the foothills of north-
eastern Italy. Similarly, Aran et al. (2009) identified a
low-level thermal boundary, related to warm-air ad-
vection, evaporational cooling due to precipitation, and
differential cooling due to cloud cover, in the environ-
ment where an F2 tornado developed in the Catalonia
region of Spain. Mateo et al. (2009) found that the
convergence lines induced by the local orography were
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probably the main factor in a tornado outbreak in
northeastern Spain. Nastos and Matsangouras (2014)
identified specific synoptic weather patterns favorable
for tornado occurrence in western Greece. A compre-
hensive documentation of tornadoes over Europe can
be found in Antonescu et al. (2016).

Synoptic and observational analyses are valuable for
identifying environments favorable for supercells. Ad-
ditionally, high-resolution simulations by means of
limited-area meteorological models (LAMs) may help
us to understand the mechanisms behind the triggering
and development of the supercells and to explore their
sensitivity to different parameters. The growth in com-
putational resources combined with more accurate
LAMs has allowed the reduction of the typical hori-
zontal grid spacing down to O(1)km even for opera-
tional runs. However, as the predictability limit for
individual convective-scale elements is at most a few
hours (Lilly 1990), in the absence of strong forcing the
precise location and timing of convection may be diffi-
cult to simulate at a lead time of more than an hour or so,
even at such high spatial resolution. Fortunately, in
many cases severe convection occurs in association with
larger mesoscale flow features, which may have greater
predictability. The use of ensemble forecasts has shown
promise in estimating the probability of such convective
events (Schwartz et al. 2015). In these cases, although
operational-like simulations cannot simulate tornadoes,
they can often identify the mesoscale forcing conducive
to the genesis of supercells, which are known to produce
the most severe tornadoes.

The need for high-resolution simulations is particu-
larly evident in inhomogeneous environments like that
of the Mediterranean basin. Indeed, considering that
many tornadoes occur near the Mediterranean coast,
which is surrounded by steep mountains, we expect that
the interaction with the orography, the land-sea con-
trast, and the intense air-sea interaction are important
in the Mediterranean environment (Lionello et al.
2006), determining significant meso-3- and meso-vy scale
variations of the relevant instability parameters. This is
very different from the more homogeneous, synoptic-
scale setting typical for the severe convective weather of
the U.S. Great Plains (Doswell et al. 2012). For example,
high-resolution numerical simulations of a tornadic
event in eastern Spain (Homar et al. 2003) showed that
small-scale terrain features, as well as solar heating,
were crucial in forcing intense small-scale circulations
favoring the development of severe convection. Re-
cently, Miglietta et al. (2016) noted that the evolution
of a supercell in northeastern Italy was controlled by the
synchronous movement of a tongue of air with high
equivalent potential temperature 6, from the Adriatic
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Sea with the propagation speed of a supercell. The
foregoing are distinctive features of Mediterranean su-
percells as compared with supercells of the Great Plains,
where the pattern of 0, is generally more homogeneous.

To our knowledge, there are very few studies dealing
with the effect of mountains on supercell triggering and
development. In idealized conditions, Markowski and
Dotzek (2011) showed that the orography mainly changes
the thermodynamic conditions (affecting convective in-
hibition and relative humidity) as a consequence of the
flow over/around the mountain. Bosart et al. (20006)
studied an F3 tornado in Massachusetts and found that
the topography, and in particular the channeling of
low-level flows, conspired to create local enhancements
to tornadogenesis potential and to compensate for the
increased friction over the orography. Recently,
Matsangouras et al. (2012, 2014, 2016) showed that, for
some tornadoes over Greece, the presence of steep
mountains may represent an important factor for torna-
dogenesis, by changing the values of some instability
parameters compared with a simulation with no orogra-
phy. Here, the synoptic-scale/mesoscale features re-
sponsible for the triggering of the supercell in Taranto are
analyzed. We believe this topic is worthy of investigation,
considering we are not aware of any paper showing that
the perturbations induced by a mountain may favor the
downstream triggering and the location of a supercell, as
found and described in the present study.

This paper is organized as follows. Section 2 contains a
short summary of the available observations. Section 3
describes the present nested-grid numerical simulations
pertaining to the meteorological conditions surrounding
the Taranto tornado of 28 November 2012, while section
4 provides a synoptic overview for this case. Section 5
describes the results of the numerical experiment in the
inner grid, focusing on the mesoscale mechanisms re-
sponsible for the genesis and development of the
supercells. As the orography of Calabria (at the south-
ernmost tip of Italy) appears to play a key role in trig-
gering convection, an additional experiment with
reduced orography is also analyzed. Conclusions are
drawn in section 6.

2. Observations

A comprehensive description of the tornado affecting
Taranto is discussed in MR16, so only a short overview is
provided here. (Figure 1 identifies the places mentioned
herein.) Several videos and pictures document this se-
vere weather event and can be easily found online.
Movies clearly show that the tornado originated over
the Ionian Sea, near the port of Taranto, which was
still warm at the end of November (the sea surface
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FIG. 1. Names and locations of the places mentioned in the text. The orography in domain 2 is
also shown.

temperature measured in the area was 18.7°C). Tornado
landfall occurred at 0950 UTC (1050 local time) near the
largest steel plant in Europe, a couple of kilometers
from Taranto. A crane weighing several tons was
knocked down; unfortunately, an employee working on
the crane was killed. In this phase, the tornado reached
its greatest intensity, at least EF3 according to an esti-
mation of the degree of damage (McDonald and Mehta
2006), with a total estimated damage of 60 million euros.

After landfall, the movement of the tornado’s parent
supercell was observed to slightly change from SSW-
NNE to S-N (Fig. 5 in MR16). The track of the associated
tornado observed over land can be identified in Fig. 2a
(blue and pink dots). The translational velocity of the
supercell is estimated to be ~22ms ™' from the nearby
1200 UTC sounding in Brindisi (Fig. 3a). The funnel
width was evaluated as approximately 300 m, with several
satellite vortices (Venerito et al. 2013). Moving inland,
the tornado weakened only slightly, destroying the can-
opy of a gas station in the town of Statte, about 12 km
north of Taranto, and increased its diameter up to 500 m.
Just afterward, the vortex no longer extended fully to the
surface as no damage was reported during the passage
of the supercell across the Murge hills (peak altitude of
approximately 700m). However, on the northeastern
(lee) side of the Murge hills the supercell intensified again
and produced some significant tornadic damage (al-
though weaker than before) near the Adriatic coast. The
overall horizontal extent of the overland track of the
supercell was about 50 km and the duration about 50 min.

The radar reflectivity mosaic from the Italian Civil
Protection Agency shows a series of convective cells

elongated in the direction of the 500-hPa wind from the
orography of Calabria (Fig. 3b), which appears to have
played an important role in the event. Another remark-
able feature, emerging from the Brindisi sounding at
1200 UTC (Fig. 3a), is the intense low-level wind shear
[the wind speed changes from 12kt (1kt = 0.51ms ') at
10m to 56kt at about 700 m], so that in the lowest 1km
the storm-relative helicity (SRH) was 553 m?s 2 and the
energy-helicity index (EHI) reached the high value of
2.7. On the other hand, only moderate instability was
present in the sounding, as the convective available po-
tential energy (CAPE) was slightly less than 1000J kg™,
The extremely high values of the surface-1-km wind
shear in the proximity sounding (about 25ms™'), com-
bined with the low lifting condensation level (about
700 m), is unusual compared with the soundings of Great
Plains tornadoes [cf. with Fig. 3a in Brooks et al. (2003),
and with Fig. 10.13 in Markowski and Richardson
(2010)], while it is more similar to that of strong/violent
tornadoes in the southeast United States (Grams et al.
2012). Also, as compared with the only climatology of
tornadoes available for Italy (Giaiotti et al. 2007), the
sounding in the present case shows some unusual fea-
tures, such as the largest values of EHI and SRH in the
entire dataset, and low-level wind shear twice as large as
the mean climatological value for F3 tornadoes.

3. Numerical simulations

Version 3.5.1 of the WRF-ARW (see www.wrf-model.
org; Skamarock et al. 2008) is used to simulate the event.
WREF is a numerical weather prediction system, which
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FIG. 2. WRF Model simulation in domain 3: (a) track of the observed and the simulated
supercell that would have produced the Taranto tornado (orography in colors; m) and
(b) maximum vertical velocity at 950 hPa evaluated in the window 39.6°-41.2°N, 17.0°-17.5°E.

A track could not be clearly identified during the crossing of the Murge hills.

solves the fully compressible, nonhydrostatic primitive
equations. Terrain-following-type sigma coordinates are
used in the vertical, where here 40 levels are employed,
with levels more closely spaced near the ground to
better resolve the boundary layer (their vertical distance
ranges from 58 m in the boundary layer to 600 m in the
lower stratosphere). Model output is saved every 5 min
to follow in detail the time evolution of the supercell,
whose lifetime is approximately 1 h.

Three one-way-nested domains are implemented, as
shown in Fig. 4. The outer domain covers the southern
part of the central Mediterranean (210 X 150 grid points,
dx = 9km), while the intermediate domain covers
southern Italy, Albania, and western Greece (271 X 193
points, dx = 3km); the inner domain covers the Ionian
regions of southern Italy (211 X 271 points, dx = 1km).
The region affected by the supercell is in the middle of
the inner domain, and on the eastern side of the two
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FI1G. 3. (a) Skew T diagram in Brindisi at 1200 UTC 28 Nov 2012 (wind in kt; source: University of Wyoming). (b) Radar reflectivity
(vertical maximum intensity) at 0945 UTC (source: Italian Civil Protection Department, Presidency of the Council of Ministers) enlarged

over the Ionian regions.

coarser domains, considering that the propagation of the
synoptic-scale features is from the west.

Considering the successful simulations of a supercell
near the Mediterranean coast (northeastern Italy) dis-
cussed in Miglietta et al. (2016), we employ the same
parameterization schemes, which include the Thompson
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et al. (2008) scheme for microphysics; the Rapid Radiative
Transfer Model for longwave radiation (Mlawer et al.
1997) and the Dudhia (1989) scheme for shortwave radi-
ation; the unified Noah model (Niu et al. 2011) for land
surface interactions; and Mellor—Yamada—Janji¢, a tur-
bulent kinetic energy closure scheme, for the planetary
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FIG. 4. WRF Model simulation, domain 1. Shown are wind vectors (m s~ barbs, long bar is
10ms~ ! and short bar is 5ms ') and 6 (K; color scale) at 500 hPa at 0900 UTC 28 Nov 2012.

Model domains are also shown.
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boundary layer (Janji¢ 2001); finally, cumulus convection
is treated explicitly in all domains.

Different initial/boundary conditions (the boundary
conditions are updated every 3 h) were initially tested,
changing both the large-scale forcing—the Integrated
Forecasting System (IFS) of the European Centre for
Medium-Range Weather Forecasts (ECMWF) versus
the Global Forecasting System (GFS) analysis/forecasts—
and the initial time for the simulations (0000 and 1200
UTC 27 November 2012 and 0000 UTC 28 November
2012). The only simulation to reproduce the supercell
was the one starting at 0000 UTC 27 November 2012,
which was forced with the ECMWF IFS analysis/
forecasts and only this run will be analyzed in the
following. [As discussed in Miglietta et al. (2016), the
proper simulation of a supercell in the Mediterranean
requires that the small-scale variations in space and
time of the mesoscale features responsible for it are
properly simulated, so that an ensemble approach
appears unavoidable for correctly simulating this kind
of event.]

Other simulations are performed to better understand
the role of the orography of Calabria in triggering the
supercell. The sensitivity experiments are implemented
as the control run but with the mountain height reduced
in all domains. In this way, the changes in the inner
domain can be ascribed mainly to the contribution of the
orography of Calabria, since the evolution of the large-
scale weather patterns in the control run is retained.

4. Synoptic conditions

Synoptic features are analyzed using the WRF Model
fields in the outermost domain. Figure 4 shows the wind
and the potential temperature at 500 hPa at 0900 UTC
28 November 2012, just before the supercell formed. A
cold upper low over the western Mediterranean, ap-
proaching Italy from the west, is associated with a
southwesterly flow in the Ionian regions of Italy, located
on the eastern side of a slightly diffluent trough. As a
consequence of the eastward propagation of these syn-
optic patterns, the local 500-hPa wind speed progressively
intensifies up to 30ms~' during the simulation, while
warm air of African origin, affecting all of southern Italy
at the beginning of the simulation, is confined to the
eastern Mediterranean basin. At 0900 UTC, the Ionian
regions are still far from the large-scale trough (and its
coldest core) over the Tyrrhenian Sea, though the in-
coming cold air produces a significant cooling in the
midtroposphere a few hours before the event.

The synoptic features are seen at low levels, in par-
ticular the wind vectors and the equivalent potential
temperature 6, at 1000hPa, together with the wind
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vectors at 900 hPa (to show that the boundary layer wind
is veering with height) at 0000 UTC (Fig. 5a) and at
0900 UTC (Fig. 5b). Comparing the two panels, one can
see the intensification of a south-southeasterly low-level
jet (up to 25ms '), bringing warm and moist air toward
southern Italy, and in particular over the Ionian Sea,
ahead of the cold front, which at 0900 UTC appears to
be located near Sardinia. Thus, the combination of
warm, humid low-level air and cooler, midlevel air
makes atmospheric conditions favorable for potential
instability, as shown below in Fig. 6 (i.e., it increases the
CAPE in the area).

The alternating warmer and cooler strips simulated
along the east side of the warm tongue appear elon-
gated in the direction of the low-level shear (approxi-
mately east-northeastward). This pattern is likely
related to convectively induced circulations (i.e., rolls,
possibly associated with individual convective cells
elongated in the shear-parallel direction). Ching et al.
(2014) showed that the horizontal variations in these
modeled fields are grid-size dependent, since the grid
spacing of O(1)km is within Wyngaard’s (2004) tur-
bulence “‘terra incognita.”

To explain why the horizontal convective rolls de-
velop only on the northeastern side of the warm
tongue, Fig. 6 shows the vertical sounding in the lower
troposphere, from 1000 to 500 hPa, at 0900 UTC, sim-
ulated at two locations (indicated by the circles in
Fig. 5b), respectively, southeast of Calabria (38.0°N,
18.5°E) and farther south (35.0°N, 18.5°E), near the
African coast. Only at the former point are rolls gen-
erated in the simulation. The wind profiles appear
similar; in particular, the intense deep-layer shear ap-
pears favorable to supercells in both cases. However,
there are significant differences in the boundary layer
temperature and dewpoint temperature profiles. At the
northern point (Fig. 6, black solid lines), the air is more
humid in the low levels and close to saturation, so that
low-level parcels (Fig. 6, cyan solid line) encounter
only a small convective inhibition, even in the presence
of a shallow inversion at 850 hPa. At the southern point
(Fig. 6, black dashed lines), the low-level air is much
drier and there is a prominent inversion, which in-
creases the convective inhibition (and similarly for
the west side of the warm tongue). The difference in the
humidity content can be explained considering the
longer transit over the sea of the low-level air reaching
the northern point, which favors a longer duration of
moistening of boundary layer air parcels, as discussed
in Moscatello et al. (2008). The profiles of temperature
at an earlier time (0300 UTC) show that both points
were unstable in the boundary layer (not shown);
however, the boundary layer in the northern location
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FIG. 5. WRF Model simulation, domain 1. Wind vectors (ms™'; black barbs) and 6, (K;
color scale) at 1000 hPa at (a) 0000 and (b) 0900 UTC 28 Nov 2012. The wind vectors at
900 hPa (ms '; white barbs) are also shown to indicate that the boundary layer wind is
veering with height. The locations of the soundings shown in Fig. 6 are indicated by the O
marks. Values of 6, are locally extrapolated below the ground.

was colder, being located farther east of the trough and
less affected by low-level warm-air advection. In the
following hours, both locations were affected by in-
tense warm-air advection (cf. Fig. 5Sa with Fig. 5b);
however, only at the southern point was the tempera-
ture increase above the boundary layer sufficient to
generate an inversion strong enough to inhibit con-
vection, while at the northern point the air remained

relatively cooler, so that convective inhibition remains
very small.

5. Mesoscale analysis

The analysis in the previous section identified a large-
scale environment favorable to convection and supercell
development. A closer examination of the inner model
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FIG. 6. Vertical profiles of temperature, dewpoint, and wind (ms~'; barbs) (WRF Model
simulation, domain 3) from 1000 to 500 hPa at 0900 UTC, simulated at two locations (shown in
Fig. 5b by O marks), respectively, southeast of Calabria (38.0°N, 18.5°E; solid line, left wind
profile) and farther south (35°N, 18.5°E; dashed line, right wind profile), near the African coast.
Only at the former point are convective rolls generated in the simulation.

domain is necessary to identify the presence of local
forcing, which may have played an important role as well.

a. Mesoscale environment

Figure 7 shows the 1000- and 900-hPa wind vectors and
6. at 0700 UTC (Fig. 7a) and at 1000 UTC (Fig. 7b), that
is, just before the tornado landfall; the advection of warm,
moist air along the Ionian Sea is apparent and makes the
environment more unstable, while east—-west-oriented
bands of warmer (in terms of 6,) air move northward
from the southeastern side of the domain and represent
the signature of the previously identified rolls. The in-
tensification of the 900-hPa wind (reaching around
25ms™') increases the low-level shear, making the en-
vironment very favorable for supercell tornadogenesis.

The intense northward transport of high-6, air is
modulated by the presence of Calabria, which diverts

the low-level jet and the warm-air advection from the
northwestern Ionian coast (Fig. 7a). Indeed, the block-
ing of the southerly flow by the orography produces a
weak cyclonic circulation in the lee, at around 39.9°N,
16.25°E, separated from the main flow (Smolarkiewicz
and Rotunno 1989). The vortex shedding is consistent
with the value of the Froude number Fr, the parameter
that roughly estimates the way the flow interacts with
the orography (Smith 1979). Considering U ~ 15ms ™!
as the environmental wind impinging on the mountain,
N ~ 10 %s™! the Brunt-Viisili frequency of the in-
coming airflow, and 4 =~ 2000 m as an estimate of the
mountain height, we obtain Fr = U/(N X h) ~ 0.7. Since
Fr < 1, the environmental conditions appear favorable
for flow blocking. At 1000 UTC, the region to the north
of Calabria’s orography still appears sheltered from the
main flow: the low-level air, although warmer, is still
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FIG. 7. WRF Model simulation, domain 3. Shown are wind vectors at 1000 hPa (m s~ black
barbs) and 900 hPa (ms~!; white barbs) and 6, at 1000 hPa (K; color scale) at (a) 0700 and
(b) 1000 UTC 28 Nov 2012. The location of the tornado landfall is indicated by O in (b).

Values of 6, are locally extrapolated below the ground.

cooler than the air advected by the southerly flow over
the sea. Some cooler (light orange) spots in the 0, field,
near the Ionian coast of Apulia, are associated with the
outflow of convective cells developing over the sea.
The presence of these cells can be better identified in
Fig. 8, which shows a perspective view of the maximum
reflectivity (in dBZ) and the 100-m wind at 0830 UTC
(Fig 8a) and 1000 UTC (Fig 8b). At the earlier time
(Fig. 8a), the cells appear aligned in the direction of the
low-level shear (west-southwest—east-northeast) as
they move northward, extending in a linear pattern

from Calabria to the southern tip of Apulia across the
Ionian Sea. Inland, some cells are generated by the
uplift induced by the orography of Calabria, but at this
time they remain confined over the mountains. Later, a
series of cells extends north of the Sila mountains,
triggered by the orography and advected northward by
the lower-to-midtropospheric wind. At 1000 UTC
(Fig. 8b), some cells appear elongated from the Sila
mountains toward Taranto, in a way similar to the ra-
dar reflectivity observations (Fig. 3b), although the
simulation underestimates the areal coverage of the



FIG. 8. WRF Model simulation, domain 3. Shown are wind vectors
at 100-m height (ms~!; grayscale) and maximum reflectivity (dBZ;
color scale) at (a) 0830 and (b) 1000 UTC 28 Nov 2012.

convection. This kind of solution (downwind cells)
should be expected from the theory of conditionally
unstable flows over orography (Miglietta and Rotunno
2009): the ratio of the advective time scale 7, = a/U to

40.5°N
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the convective time scale 7. = h/(CAPE)"? (the time
that convective elements take to grow and produce
rain at the ground), where U is the wind speed, a the
ridge half-width, and &, the tropopause height), can be
calculated considering a profile at a point located up-
stream of Sila (e.g., at the point 38.5°N, 17.0°E at
0900 UTC). We obtain 7,/7. ~ 6, which means that the
environmental conditions favor a regime characterized
by quasi-stationary convective cells on the upstream
side and a second set of convective cells generated
downwind (middle panel of Fig. 8 in Miglietta and
Rotunno 2009).

The most intense of these cells, the one that is to
become the simulated Taranto supercell (identified in
Fig. 8b by the area of high dBZ approaching Taranto),
forms over the sea just in the lee of the orography of
Calabria at around 0905 UTC, and progressively in-
tensifies as it moves toward the coastline of Apulia
(Fig. 2b). The location of the simulated supercell
reaches Taranto only 30 min later than the observed
supercell (1020 vs 0950 UTC) and just 1-2 km from its
track estimated in Fig. 1 of MR16. The simulated su-
percell translation speed is approximately 24ms~ ',
which is also consistent with the observations.

The trajectory of the cell can only be easily identified
beginning from approximately 30 min before landfall
(at 0935 UTC). Earlier, one can identify the original
cell at 0905 UTC, which then splits four times into a
pair of left and right movers (Weisman and Klemp
1982); taking into account this complication, the full
track of the storm can be roughly identified by the
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FIG. 9. WRF Model simulation, domain 3. Shown is the 800-hPa vertical vorticity (shaded;
s~!) at 0905 UTC 28 Nov 2012. The contour of cloud water content = 0.5 gkg ™' at 500 hPa
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indicated by X.
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FIG. 10. WRF Model simulation, domain 3. Shown are the vertical velocities (m s~ 1; color
scale) at 700 hPa at 1000 UTC 28 Nov 2012 in the (a) control run and (b) experiment with

orography reduced by 80%.

black line in Fig. 2a. It is remarkable that the model is
able to reproduce correctly the track and the timing of
the supercell over land as well as its weakening near
the Murge hills (where again the simulation shows the
splitting of the cell) and the new intensification
downstream at around 1100 UTC (Fig. 2b), when some
EF2 damage was reported near the Adriatic coast
(Venerito et al. 2013).

Considering that the predictability of convection is
generally limited to a few hours, we expect that the
longer forecasting range in this simulation is associated
with the presence of a forcing that the model is able to

properly represent. This is discussed in the following
subsection.

b. Supercell development

To better identify the mechanisms responsible for
the generation of the supercell, we start by focusing on
the time step when the cell appears first (0905 UTC).
At that time, the pattern of 800-hPa vertical vorticity
in Fig. 9, together with the conditions of convective in-
stability in which the cells develop (Fig. 6) and the in-
phase vertical velocity and temperature perturbations
(not shown) are hallmarks of horizontal rolls oriented
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FI1G. 11. WRF Model simulation, domain 3. Shown are the ver-
tical vorticities at 800 hPa (s~ '; color scale) and at 500 hPa (dashed
contours for —0.008, —0.005, and —0.002 s™'; solid contours for
0.002, 0.005, and 0.008 sfl) at 1010 UTC 28 Nov 2012, at the time
when the cell reaches its maximum intensity. The location of the
tornado landfall is indicated by O.

along the boundary layer shear direction, that is, west-
southwest—east-northeast (Fig. 5 in Brown 1980). The
cloud water content in Fig. 9 shows that the vorticity
signatures are not associated with deep convection, but
with regions of mesoscale ascent confined in the low
levels before storm development. At the eastern termi-
nus (black arrow) of the southern line, which extends
from the Sila mountains of Calabria to the southern tip
of Apulia across the Tonian Sea, the cell that will develop
into the supercell forms.

It is well known that convective rolls may play a key
role in the transport of energy and moisture upward; in
particular, the associated mesoscale ascent may carry
warm and moist air from the surface to the top of the
boundary layer, so that they may locally promote the
triggering of deep convection in the presence of favor-
able conditions (Weckwerth et al. 1996, 2004). This is
what happens in the lee of the Sila mountains, where the
low-level circulations induced by the western end of one
of these rolls is superimposed with the intense upper-
level perturbations induced by the flow past the orog-
raphy of Calabria (see the 700-hPa vertical velocity at
1000 UTC in Fig. 10a).

At 1010 UTC, just before landfall, Fig. 11 shows that
the supercell reaches intense vertical vorticity both at
800 hPa (colors) and 500 hPa (contours), while the other
rolls and/or smaller cells, moving along the Ionian Sea
(Fig. 8), do not intensify and their vorticity remains
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FIG. 12. The evolution of the supercell from 0930 to 1010 UTC as
illustrated by the contour of w at 500 hPa = 6ms ™! (red) and the
vertical vorticity contours (4 and 8 X 10 s ™!, black; —4 and —8 X
1073571, gray) at 500 hPa. The colored areas indicate a water vapor
mixing ratio greater than 7 gkg ! at 800 hPa in an approximately
20km X 20km square surrounding the growing cells at the
indicated times.

confined in the low levels. The upper-level vertical-
vorticity couplets (+/—) in the lee of the orography
(Fig. 11) are evidence of updrafts in vertical wind shear
(essential for supercell dynamics) for the cells triggered
by the orography. However, the simulations indicate
that only the cell maintained by the roll-associated
moisture perturbation can last long enough to develop
into a supercell. Figure 12 follows the cell (updraft) that
continues to intensify from 0930 to 1010 UTC and be-
comes the simulated supercell that makes landfall near
Taranto.

As discussed above and emphasized again hereafter,
the supercell develops because the environment is ex-
tremely favorable for supercell development (and for
tornadogenesis). The region where the supercell forms
is characterized by a maximum in the 0-1-km shear
(Fig. 7) and 0-3-km shear (Fig. 13a,at 0900 UTC), as it is
near the left side of the low-level jet, at the border with
the wake induced by the orography of Calabria. Next, as
the cell moves over the sea, it remains in an environment
favorable for rotation: comparing Fig. 13a with Fig. 13b
at 1 h apart (in the latter panel, the cell can be identified
with the small maximum approaching the coast of
Apulia), we can see that the cell (whose track is shown in
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FIG. 13. WRF Model simulation, domain 3. Shown are the 0-3-km wind differences at (a) 0900 and (b) 1000 UTC and maximum CAPE at
(c) 0900 and (d) 1000 UTC. The location of the supercell at 1000 UTC is indicated by the arrow.

Fig. 2a) remains inside a band of high 0-3-km shear, as
both move northward nearly synchronously.

During its transit across the Ionian Sea, the cell pro-
gressively intensifies (Fig. 12). Following the northward
extension of the warm tongue, a significant 1-h increase
in CAPE up to 1600-1800J kg~ ' is simulated in the
Ionian Sea (cf. Fig. 13c and Fig. 13d). (Note that the
simulated CAPE in Brindisi is about 1000J kg ! and is
consistent with the observed vertical profile, suggesting
that the Brindisi sounding does not properly represent
the environmental conditions associated with the de-
velopment of the supercell, because of the strong in-
homogeneity in the area.) The supercell develops near
the border of the warm tongue; in Fig. 14, the supercell
can be identified with the contour line of 600-hPa ver-
tical velocity near 39.8°N, 17.2°E, just north of the region
affected by the highest values.

c. Role of the orography

The previous analysis suggests that the supercell de-
veloped in a complex environment, characterized by
rough orography and coastlines. Hereafter, in order to
test the hypothesis that the orography played a key role

in the generation of the supercell, additional experi-
ments were performed with the orography reduced by
80% and 50%. The reduction to 50% has the effect of
weakening the convection induced by the mountain, so
that the supercell is weaker (maximum updraft helicity
of 80m?s™? compared with 250m*s ™2 in the control
run) but it is still present in the simulation. A reduction
to 20% of the original elevation is required to strongly
suppress the orographic convection and the generation
of the supercell. Figure 15, which is the equivalent of
Fig. 7 in the new experiment, does not show leeside
vortices, since the incoming flow is no longer blocked by
the Sila mountains (in the new experiment 4 ~ 400 m,
while U and N are about the same as before and there-
fore Fr > 1). Thus, a regime of “flow over” the orog-
raphy is favored; on the other hand, the uplift induced
by the orography is sufficient to trigger only weak cells
(W/LFC = 1), which do not show any significant low-
level rotation.

Figure 10 shows the vertical velocity at 700 hPa in the
sensitivity experiment (Fig. 10b) in comparison with the
control run (Fig. 10a). It is apparent that in the latter
experiment the mountains also perturb the flow far
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FIG. 14. WRF Model simulation, domain 3. Shown are 6, results at 1000 hPa (K; color scale)
and 600-hPa vertical velocity (contour line = 5ms™!) at 0930 UTC.

downstream in the Adriatic Sea, where a train of gravity
waves is apparent (the presence of mountain waves was
particularly clear in the early morning of 28 November),
but also on its eastern side over the Ionian Sea, where
alternating positive and negative vertical velocity per-
turbations (red and green stripes perpendicular to the
main flow) can be identified in Fig. 10a. In contrast, the
case with reduced orography generates very weak per-
turbations in the vertical velocity (Fig. 10b), producing
some weak updrafts only over the Sila mountains and
immediately downstream, while weak cells appear over
the Tonian Sea. The reduction of the mountain height
affects the 0-3-km shear, which is strongly reduced in
the sensitivity experiment, mainly because of the weaker
upper-level winds (not shown). This means that the
shear responsible for the generation of the horizontal
rolls is no longer present and only weak convective cells
are generated over the sea. At the same time, the re-
duced environmental shear is detrimental to the gener-
ation of rotation in the cells.

6. Conclusions

Numerical simulations are performed with the WRF
Model for one of the most intense tornado situations in
Europe in the last few years: an EF3 tornado affecting
the surroundings of the city of Taranto in southeastern
Italy on 28 November 2012. Considering that the grid
spacing of the inner grid is 1 km, our focus is on the su-
percell spawning the tornado in Taranto and not on the

tornado itself. The numerical experiment shows that it is
possible to reproduce the track and the change in in-
tensity, as well as the timing of the supercell.

The genesis of the supercell is due to a combination of
mesoscale flow features and topographic flow effects,
which are illustrated in Fig. 16:

« the mesoscale flow features, high-6, low-level air and
cold midtropospheric air, produce potential instability
in the Ionian Sea;

o the orography of Calabria (Sila mountains) plays a key
role in triggering convection over the mountains and
downstream:;

o the strong deep-layer and low-level wind shear pro-
duce an environment favorable, respectively, for
supercell and tornado development, with high values
concentrated in a band that surrounds the supercell
during its evolution. Also, the low-level (boundary
layer) shear is responsible for the generation of
convective rolls, which move northward along the
Ionian Sea, locally creating conditions even more
favorable for the triggering and maintenance of
convection.

The supercell is triggered where the upper-level per-
turbations generated by the mountains are super-
imposed with the western end of one of these rolls,
which delimits a tongue of very moist and warm air at its
northern border. We are not aware that similar mecha-
nisms for supercell triggering have been previously
identified elsewhere.
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F1G. 15. As in Fig. 7, but for the experiment with the orography reduced by 80%.

Considering that the predictability of convection is
generally limited to a few hours, we believe that the skill of
the simulation in representing the supercell development
is associated with the key role of the orographic forcing,
which the model is able to properly represent. This role
was better identified by comparing the control run with a
sensitivity experiment implemented by reducing the
mountain height by 80%. The lower orography has the
effect of reducing the orographic uplift and the conse-
quent triggering of convection, as well as the low-level
vorticity in the Ionian Sea and, thus, the convective rolls.

Together with the favorable environmental conditions
and the orography, other forcings may have affected the

development of the supercell. In particular, we believe
that the thermodynamic changes induced by the positive
sea surface temperature anomaly (Vautard et al. 2016)
during the event (around 2°C) enhanced the lower-
tropospheric instability and made deep convection pos-
sible even during an unusual period of the year for such
events, like the end of November (see, e.g., Meredith
et al. 2015). Additional experiments with modified sea
temperature (in progress) will shed further light on this
sensitivity, which may also be relevant to analyze from a
climate change perspective.

The interest in this specific case study is not limited to
the peculiar environmental conditions where the tornado
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FIG. 16. Schematic diagram of the principal factors contributing to the simulated Taranto
supercell: 1) orographic convection over Calabria triggers intense updraft cells, which
2) move downstream in the direction of Taranto, while 3) a heat-and-moisture-supplying
boundary layer roll, moving in the same direction at about the same speed, comes into phase
with one of the cells that 4) grows into a supercell as CAPE and vertical wind shear become
more favorable. See Fig. 12 for definitions of the contours and color shading.

developed, but is also related to the recursive occurrence
of similar events in southern Apulia. Gianfreda et al.
(2005) have documented tornadoes in this region since
the sixteenth century, some of which were very intense.
More recently, other events have been identified near the
port of Taranto (26 October 2010 and 27 January 2011) or
along the Ionian coast of Apulia (the EF2 tornado out-
break documented in Monacizzo, Ginosa, and Carosino
on 12 November 2014 and the tornado in Gallipoli on
19 November 2013). The analysis of the Italian radar
reflectivity mosaic map for the latter two cases, which will
be the subject of a forthcoming study, reveals the possible
presence of a mechanism of development similar to the
one studied here, as it shows a line of convective cells
elongated from the Sila mountains in the SW-NE di-
rection. Thus, the identification of this pattern can be

considered as a diagnostic signal relevant to the possible
occurrence and location of such severe events for now-
casting purposes.

Finally, we hope that the present study may promote
the analysis of other severe tornadoes in the Mediterra-
nean basin. Numerical simulations will need to be per-
formed in several cases to analyze the relevant forcings
responsible for the generation and intensification of the
supercells, to identify the patterns conducive to risk, and
to determine the existence of possible analogies among
mechanisms active in different regions.
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