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• Peculiar synoptic conditions associated with Italian tornadoes for different

regional clusters are identified;

• Relevant anomalies of both synoptic and mesoscale precursors occur during

tornado events; environmental conditions favorable to tornado development

differ among the southern and northern Italian regions;

• Tornadoes in southern regions are characterised by the highest anomalies in

wind shear and CAPE;

• Sea surface temperature anomalies seem to play a significant role for south-

ern and northern Adriatic tornadoes.
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Abstract

An analysis of synoptic patterns and mesoscale precursors is produced for Italian

tornadoes for the period 2000–2018. Anomaly maps of different parameters are

extracted from ERA-5 reanalysis. To highlight typical large-scale configurations,

a clustering analysis is applied to define different regional clusters, representative

of areas affected by a large number of tornadoes. The analysis shows that: a) sig-

nificant anomalies of synoptic parameters and mesoscale precursors are generally

present over and nearby the region where tornadoes occur; b) each cluster shows a

peculiar synoptic configuration; c) pattern differences among clusters suggest dif-

ferent environmental conditions favorable to tornado development in the southern

and northern Italian regions; d) tornadoes in southern regions are characterised by

the highest anomaly values in wind shear, storm relative helicity and CAPE; e)

significant SST positive anomalies are observed for southern tornadoes.
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1. Introduction

Tornadoes are one of the more fascinating and fierce weather phenomena on

Earth. Accordingly with the World Meteorological Organization, a tornado con-

sists in a rotating column of air, extending from the base of a cumuliform cloud to

the ground, characterized by winds exceeding 29 m s−1. Although the number of

intense tornadoes affecting the Italian regions is not negligible, the topic rarely has

been the subject of scientific investigation. However, in the recent years, the con-

cern for the danger related to these phenomena has increased after that strong tor-

nadoes hit some areas of the peninsula, causing fatalities and significant damage

(Miglietta and Rotunno, 2016; Zanini et al., 2017; Miglietta et al., 2017b). Ital-

ian tornadoes occur mainly over flat terrains, the Tyrrhenian and southern coasts;

in contrast the central Adriatic coast and Sardinia count a very small number of

events (Palmieri and Pulcini, 1978; Gianfreda et al., 2005; Giaiotti et al., 2007;

Miglietta and Matsangouras, 2018; Ingrosso et al., 2020).

The rating of tornado intensity is based on damage survey. A first attempt

of classification, the so called Fujita or F-scale, was introduced by Fujita (1971),

but this scale was difficult to apply and somehow inaccurate. Different scales

were proposed afterward, such as the fine Torro scale in 1976 (Meaden, 1976),

mainly applied in the UK, and the Enhanced Fujita scale (EF; Potter (2007)), an

update of the F-scale, which provides a better estimate of the damage, but relative

to buildings in the USA and Canada. The EF-scale classifies tornadoes into six

categories, based on their impact on vegetation, buildings and vehicles, ranging
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from EF0 (weak damage) to EF5 (almost complete destruction).

The study of tornadoes in the scientific literature is generally based on ob-

servations (e.g. weather radar and soundings) and model reanalyses. The lat-

ter are useful to describe the atmospheric state favouring the formation of severe

thunderstorms, but their usage is limited by their coarse resolution, which is not

able to completely resolve the mesoscale features characterizing tornado events.

However, due to the sparsity of direct observations, they usually provide the only

valuable source of information to investigate the environment where tornadoes

originate and develop. Brooks et al. (2003) and Brooks (2009) used the National

Centers for Environmental Prediction (NCEP) reanalysis (Kalnay et al., 1996)

from National Center for Atmospheric Research (NCAR) to analyse some param-

eters associated with severe thunderstorms in US. With regard to the European

region, Romero et al. (2007) used ERA-40 (Uppala et al., 2005) from European

Centre for Medium-Range Weather Forecasts (ECMWF) for the analysis of en-

vironmental parameters related to severe convective storms in Europe. Taszarek

et al. (2018) used the ERA-Interim reanalysis from ECMWF, comparing these

data with over 1 million sounding measurements in the European region, whereas

Ingrosso et al. (2020) applied both ERA-Interim and ERA-5, the recently issued

higher resolution reanalysis from ECMWF (Hersbach et al., 2020), to the Ital-

ian area. Renko et al. (2013) and Matsangouras et al. (2014) characterised the

synoptic environment where tornadoes develop by means of ERA-INTERIM for

the Eastern Adriatic basin and NCEP-NCAR reanalysis for Greece, respectively.

ERA-5 was also recently used by Rodrı́guez and Bech (2020) in their analysis of

tornadic environments over the Iberian peninsula.

In the present article, we investigate synoptic patterns associated with torna-
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does in different Italian regions. The literature about southern Europe tornadoes

focused on the synoptic-scale conditions associated with the tornado events is very

limited (Sioutas and Keul, 2007; Keul et al., 2009; Renko et al., 2013; Matsan-

gouras et al., 2014). Sioutas and Keul (2007) detected synoptic patterns favorable

to waterspouts development in the Adriatic, Ionian and Aegean Sea. Four synoptic

categories were found, based on the 500 hPa flow, defined accordingly with the

position and orientation of trough and ridge axes and surface features: the south-

west flow (SW), the long-wave trough (LW), the short-wave trough (SWT) and the

closed low (CLOSED). Considering the whole region, they found that CLOSED,

followed by LW, was the dominant type in waterspout occurrences. The conclu-

sions of Keul et al. (2009) for the same regions slightly differed from Sioutas and

Keul (2007), since the SW and CLOSED represent the dominant types in their

study. Results consistent with Sioutas and Keul (2007) were shown by Renko

et al. (2013) for the Eastern Adriatic basin. Matsangouras et al. (2014) analysed

three different Greek sub-regions in autumn, when tornadoes and waterspouts are

most frequent. They found a typical synoptic configuration for tornadoes over

west Greece, i.e., a trough over southern and central Italy at 500 hPa accompa-

nied by a closed cyclonic circulation over the Gulf of Taranto, while a trough over

the eastern Aegean Sea is the synoptic pattern for waterspouts North of Crete.

Few papers also looked at the role of the sea surface temperature (SST). Mat-

sangouras et al. (2014) suggested that positive SST anomalies were responsible for

the significant number of waterspouts over the Aegean Sea in summer 2002, when

the SST was 1◦C higher than the 1985-2008 climatology of the basin (Skliris

et al., 2011). A relevant role of SST anomalies was also found in Miglietta et al.

(2017b), who detected significant changes in updraft helicity and vertical velocity
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associated with small variations of SST for a waterspout making landfall over the

Ionian coast of Apulia region. Similar results were recently shown by Marı́n et al.

(2020), who pointed at the small SST variations for the increasingincreased atmo-

spheric instability responsible for the storm severity during tornadoes in central-

southern Chile. Finally, Molina et al. (2020) showed, for a tornado outbreak in

the Southeast USA, that, during the first day of the event, warmer SST increased

tornado frequency while cooler SST reduced tornado activity.

Operative numerical weather prediction models (NWP models) are not able

to completely resolve the characteristic spatio-temporal scales of a tornado event

(of the order of tens/houndreds of metres on the horizontal, few hundreds metres

on the vertical and living for several tens of minutes), thus they are not reliable

for predicting tornado occurrences with a high accuracy degree. Therefore, envi-

ronmental variables such as the vertical wind shear (WS), the convective available

potential energy (CAPE), the storm relative helicity (SRH) and the low-level mois-

ture, which have been identified as reliable tornado precursors and indicative of

environmental conditions favourable to severe convective weather, are carefully

monitored and analysed (Davies and Johns, 1993; Brooks et al., 2003; Thompson

et al., 2003; Craven and Brooks, 2004; Brooks, 2013; Taszarek et al., 2017). In

the same spirit, combined thermodynamics and kinetic parameters were also con-

sidered in several studies concerning tornadoes (Rasmussen and Blanchard, 1998;

Brooks et al., 2003; Craven and Brooks, 2004; Allen et al., 2011; Púčik et al.,

2015).

Colquhoun and Shepherd (1989) analysed the US tornadoes and found a sta-

tistically significant relationship between deep level qind shear (DLS) and tornado

intensity, with a minor role of relative helicity and mid-tropospheric relative hu-
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midity. Markowski and Richardson (2014) showed that tornadic supercells are

also favoured also by high low-level relative humidity; the latter could play a sig-

nificant role in increasing the buoyancy in the rear flank downdraft (Markowski

et al., 2002; Thompson et al., 2003). Thompson et al. (2003) found that both

CAPE and low-level wind shear (LLS), as well as SRH in the lowest 0-1 km

layer, represent good discriminators between tornadic and non-tornadic super-

cells. Dupilka and Reuter (2006) and Brooks (2013) showed that in the USA

the key factor for a tornado occurrence is the DLS, while CAPE seems to play a

fundamental role for the formation of severe thunderstorms in general.

Regarding the European tornadoes, Grünwald and Brooks (2011) found that

the combination of high values of WS and CAPE discriminates between weak

and significant tornadoes. Taszarek et al. (2017) showed that vertical shear, 0–1

km SRH and CAPE are good predictors of tornadic thunderstorms; among the

shear parameters, the mid-level shear (MLS) better distinguishes between weak

and relevant tornadic events. The wind shear is the most promising predictor

to discriminate between weak and significant tornadoes in central Europe (Púčik

et al., 2015); SRH is also a good discriminator between the two categories. On

the other hand, CAPE discriminates only between no tornadoes and weak tornado

occurrences. Rodriguez and Bech (2017) analysed tornadoes in different regions

of Iberian peninsula. They found that, for Catalunia, 0-3 km SRH and WS are

good discriminators among non-tornadic, weak tornadic and significant tornadic

thunderstorms. The SB (Surface Based) CAPE was a good indicator related to

convection development, but its values do not differ significantly among different

kinds of tornadic thunderstorms. Similar results were obtained in Groenemeijer

and van Delden (2007) for Nederlands and Taszarek and Kolendowicz (2013) for
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Poland. In general, the European region shows lower values of CAPE compared

to North America, as shown by Rasmussen and Blanchard (1998); Grams et al.

(2012) and recently by Taszarek et al. (2020), who carried out a systematical anal-

ysis of the environmental conditions characterizing the severe convective storms

in both US and Europe Ingrosso et al. (2020) showed that the probability of tor-

nado occurrence in Italy significantly increases with the magnitude of LLS and

DLS in an environment characterised by medium-to-high values of WMAX. In

particular, in Italy, low-. WS seems to play a predominant role in the formation

of tornadoes (Giaiotti et al., 2007; Miglietta and Rotunno, 2016; Miglietta et al.,

2017a; Ingrosso et al., 2020). Ingrosso et al. (2020) also found that the vertical

WS and CAPE generally take on values larger than the mean climate conditions

just before the occurrence of a tornado. Here, the analysis is extended to include

other potential precursors.

In particular, in this article we investigate the existence of specific synoptic

patterns, in different Italian regions hit by tornadoes, and analyse the typical envi-

ronmental conditions prior to tornado occurrence. Firstly, high frequency tornado

hot-spots are detected. This enabled the identification of geographical clusters, in

which tornadic events occur more frequently. These preliminary clusters, how-

ever, share a certain degree of similarity in the underlying synoptic conditions,

allowing to merge those sufficiently akin. Once the definitive clusters are identi-

fied, a mean atmospheric state for each cluster is defined and anomaly and stan-

dardised indices fields are drawn and analysed to check the potential deviation

from the mean climatological state of each tornadic cluster. In order to rationalise

the choice of the relevant variables to consider, we train an ensemble learning

model (specifically a random forest) aiming to identify the variables showing the
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most anomalous patterns (with respect to standard, non-tornadic, conditions). In

addition, distributions of real values and standardised indices are investigated by

means of violin plots to compare different precursors and highlight their singular-

ity in the 1-hour closest to the event. The analysis of the chosen average variables,

on one hand, allows the characterisation of synoptic states favourable to tornado

generation and, on the other, gives a more complex picture of the inner depen-

dencies among parameters and processes. However, while certain variables show

unequivocal signals associated to tornado occurrence and intensity, others mani-

fest ambiguous characters, depending on the geographic location.

The paper is structured as follows. In Section §2 we describe the dataset and

the area of interest (§2.1) and we explain the clustering method applied to group

tornado events into clusters (§2.3). Then, in Section §3, we present the main

results of the article. Precisely, we describe the synoptic states and analyse the

mesoscale precursors characterizing the tornadic activity of each cluster in §3.1

and §3.2 respectively. The next section is devoted to analyse the results, to high-

light some relevant implications and to suggest new research lines for future stud-

ies (§4).

2. Data and Methods

2.1. Datasets and area of study

The list of Italian tornadoes, used in this study, derives from the dataset vali-

dated in Miglietta and Matsangouras (2018) for the analysis of tornadoes in Italy

for the period 2007–2016 and extended to the period 2000–2018 in Ingrosso et al.

(2020). The dataset represents an integration of the European Severe Weather

Database (ESWD, https://www.essl.org), managed by the European Severe Storm
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Laboratory (ESSL), with other reports by weather amateurs, national and local

newspapers including videos and pictures. This analysis is restricted to EF1+

(category EF1 or higher) tornadoes, since EF0 are characterized by weaker syn-

optic forcing (e.g., weak watespouts reaching the coasts), which may add noise to

the dominant features. Regarding the meteorological parameters, the reanalysis

dataset used here is ERA-5, the recent high–resolution reanalysis from ECMWF

(Hersbach et al., 2020), with a temporal resolution of 1 hour, spatial resolution

of 0.25◦ × 0.25◦ and 137 vertical levels from the surface up to 0.1 hPa. The area

considered in the study is relative to the Italian region (32◦N-50◦N and 3◦E-22◦E).

2.2. Definitions

2.2.1. Meteorological parameters

The meteorological parameters used in this study are either directly extracted

from the ERA-5 reanalysis or calculated from its variables. They include:

i. Horizontal Wind u ;

ii. Geopotential Height z ;

iii. Mean Sea Level Pressure mslp ;

iv. Temperature t and Dew-point Temperature td ;

v. Specific Humidity q ;

vi. Vertical Wind Component w ;

vii. Convective Available Potential Energy CAPE.

2.2.2. Vertical Wind Shear

Given a prescribed pressure level p, the Vertical Wind Shear WS at p is defined

as

WSp = ||up − u10m||,
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where up and u10m are the horizontal wind fields at pressure level p and 10 m above

the surface respectively, and || · || denotes the Euclidean norm.

In the present study we often refer to three distinct characterizations of WS,

namely: the low-level shear WS900 hPa (LLS), the mid-level shear WS700 hPa (MLS)

and the deep-level shear WS500 hPa (DLS)1.

2.2.3. Storm Relative Helicity

Storm Relative Helicity is the vertical integral, taken from the ground level zsf

to a given height z(p), of the scalar product between the horizontal flow motion

relative to the storm and the vorticity of the horizontal wind, that is:

SRHp =

∫ z(p)

zsf

(u − SM) · (∇ × u) dζ,

where SM is the storm motion relative to the ground (parameterised accordingly

with Kaltenböck et al. (2009)), and ∇ × · denotes the curl operator of the Levi-

Civita connection of the three-dimensional euclidean space.

SRH is the integral measure of the streamwise vorticity of the flow relatively to

the storm. When vorticity and storm relative wind are aligned, the local tilting of

isentropic surfaces, as in the presence of severe convection, leads to cyclonic ver-

tical updraft currents (Davies-Jones, 1984). This process causes the development

of supercell storms and the formation of meso-cyclones, whence the significance

of SRH.

In this study, we considered SRH in two different layers, namely SRH700 hPa

and SRH900 hPa.

1In the calculation of wind shear, we keep the pressure levels as extracted from ERA-5 to avoid

interpolations at heights usually considered in the definition of LLS, MLS and DLS.
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2.2.4. Lifting Condensation Level

The Lifting Condensation Level LCL is a common measure of the level of

condensation derived within the Parcel Theory. Its exact computation, however,

is not straightforward as it depends on several assumptions on the atmosphere

stratification (see Romps (2017) for a recent survey). The formal definition is the

altitude at which an air parcel, generally taken at ground level, has to be (isen-

tropically) lifted for saturation to occur. Since we were interested in studying the

LCL variations on large scales we chose to adopt the Espy’s approximation, as

optimised in Lawrence (2005):

LCL = (125 m/K) · (t10m − td10m) ,

where t10m and td10m are the temperature and dew-point temperature (in K) at 10 m

above the surface, respectively. This rough approximation is easy to implement

and, despite its simplicity, it is able to capture the leading order variations of LCL.

Therefore, it represents a good compromise to highlight relevant patterns on large

scales.

2.2.5. CAPE and Updraft Maximum Vertical Velocity

CAPE (Moncrieff and Miller, 1976; Doswell and Rasmussen, 1994; Emanuel,

1994) represents a measure of the available potential energy. It is defined as

CAPE =

∫ EL

LFC
B dz,

where z is the height, B = gTV p−TVe

TVe
is the buoyancy force, LFC is the Level of Free

Convection, EL is the Equilibrium Level, and TV p is the virtual temperature of

an air parcel and TVe the virtual temperature of the environment. In ERA-5,

CAPE represents the maximum value among the air parcels lifted from different
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model levels below 350 hPa (MUCAPE). CAPE is considered a standard mete-

orological variable, used for both forecast and analysis purposes, therefore it is

an obvious choice for studying synoptic and mesoscale configurations. Generally,

CAPE takes values ranging from tens to thousands of J · kg−1. The maxima, how-

ever, turn out to be very rare, occurring only in condition of extreme instability.

Consequently standardised indices of CAPE tend to be very sensitive to outliers

(large CAPE). For this reason we also used the equivalent form of CAPE given by

WMAX, as for the analysis of the local distributions within §2.4. WMAX is used

here supposing that buoyancy is the only active force accordingly to the Parcel

Theory ((Holton, 2004; Markowski and Richardson, 2010)) and is equal to:

WMAX =
√

2 · CAPE.

2.3. Clustering

Among the 570 tornadoes within the reference dataset (only tornadoes over

land are included, including waterspouts making landfall), occurred between the

years 2000 and 2018, we selected only 149 of them, with a time uncertainty no

greater than 2 hours and intensity greater than or equal to EF1, 114 of category

EF12 and 35 of category EF2 or higher (EF2+). The time threshold was chosen to

prevent the noise emerging from a inaccurate (early or late) representation of the

environmental conditions.

As we were interested in finding synoptic conditions favouring tornadic activ-

ity, we initially defined 10 local clusters of nearby events (Figure 1, left panel)

using an optimum density criterion. Then, to reduce their number and, in turn,

2Only 149 of the 570 tornadoes, occurring in the period 2000-2018, were of category EF1, thus

35 events were not considered for limited information on the time of occurrence.
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Figure 1: Cluster analyses based on location (left panel) and dynamical similarity (right panel).

Coloured dots indicate tornado locations.

increase the population of each, we decided to merge up those clusters showing a

high degree of dynamical similarity. To do so, we compared the cluster average

mean sea level pressures by building a Pearson’s correlation (pseudo-) distance

matrix δ, that is

δab = 1 − ρab, for any pair of clusters a, b,

where ρab indicates the Pearson’s correlation coefficient between the cluster aver-

age mean sea level pressures relative to a and b. We merged neighbouring clusters

having δ < 0.3 (i.e. linear correlations higher than 70%), discarding outliers. The

new family of 5 clusters, shown in Figure 1, right panel, included:

1. SW, the Sicily cluster, composed by 13 events;

2. SE, the South-East cluster (over Ionian Calabria and Puglia), composed by

23 events;
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3. Ce, the Center cluster (over Campania and Lazio), composed by 23 events;

4. NW, the North-West cluster (over Tuscany and Liguria), composed by 17

events;

5. No, the North cluster (over Piedmont, Lombardy, Emilia-Romagna, Veneto

and Friuli-Venezia Giulia), composed by 51 events.

It is worth noting that all the new clusters, but NW, were results of cluster merging

with δ < 0.2.

2.4. Calculation of mean states and standardised indices

For each cluster a we defined its average state as the fictitious state com-

posed by mean atmospheric variables (see Equation 1 ahead). Furthermore, for

any such mean variable, we defined its anomaly and standardised index (SI), com-

puted with respect to the relative cluster composite climatology (equations 2 and

3 respectively):

ava(x) =
1

number of events in a

∑
events in a

xevent, (1)

ana(x) = ava(x) − clima(x), (2)

inda(x) =
ana(x)

std clima(x)
, (3)

where x is the variable (e.g. temperature, specific humidity etc.) and clima(x) and

std clima(x) are the climatological mean and the standard deviation, respectively.

The climatological fields were computed considering all the data for each of the

19 years of the reanalysis dataset within ±1 hour and within ±1 day from the

event time, finally adjusted to exclude any (known) tornadic event in the adjacent

3 hours in this time windows. Each sample includes up to 170 = 19 × 3 × 3 − 1

(years × days × hours minus one to account for the event itself) timesteps.
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Figure 2: Feature importances over 100 Random Forests. Blue bars and orange lines indicate

mean values and confidence intervals (5th-95th percentiles) respectively.

3. Results

3.1. Mean synoptic fields

In this study we aim to identify specific synoptic patterns of atmospheric vari-

ables, such as pressure fields, humidity and temperature associated to tornado

occurrences in Italy. To select the pressure levels in which the chosen variables

show the greatest variability we adopted a statistical criterion. Precisely, we built

several random forests (RFs) (Breiman (2001)) ingesting the synoptic fields, with

the scope of determining those displaying the most characteristic patterns (i.e.

anomalous with respect to standard conditions).

We chose to compare five different synoptic variables, namely the mean sea

level pressure (mslp), geopotential height (z), temperature (t), specific humidity

(q) and vertical wind (w). For each parameter (but mslp) we trained 100 RFs
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Figure 3: Cluster geopotential height at 500 hPa. For each cluster (columns) we computed the

average geopotential height at 500 hPa (first row), its anomaly (second row) and standardised

index (third row). Anomaly and index are computed with respect to the composite climatology.

Black stars indicate the mean tornado coordinates.

to identify the most relevant pressure levels, namely those characterised by the

most discriminating patterns (see Appendix A for details). Then, we trained

an additional RF ensemble fed with the above variables at the selected pressure

levels (500 hPa for z and 900 hPa for t, q and w). As summarized in Figure 2,

the 500 hPa geopotential height and the low-level temperature turned out to be the

most relevant features identifying the tornado-related synoptic patterns, followed

by the mean sea level pressure and, marginally, by the low-level specific humidity

and vertical wind.

3.1.1. Geopotential Height

Figure 3 shows the geopotential height at 500 hPa for each cluster in terms

of mean state, anomaly and SI. It is shown that, in clusters SW, SE and Ce a
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prominent trough wedges into the central Mediterranean Sea (more elongated in

the former two). On average, tornadoes occur on the eastern side of the trough,

close to the axis, in a region of southwesterly currents for SW and SE, while the

flow appears zonal for Ce. Remarkably, in SE, tornadoes occur in the transition

zone between the trough and the ridge. In NW and No a diffluent trough pen-

etrates in the Mediterranean only marginally, as the minimum remains confined

over central/northern Europe.

Negative anomalies are associated with the trough, deeper than -9 dam nearby

the average tornado location in all cluster but SE, where the anomaly is weaker.

On average, tornadoes occur on the south-eastern side of the maximum anomaly

for Ce, NW and No, on the north-eastern side for SW, while for SE the tornadoes

are located in an area of weak negative anomaly east of the maximum anomaly.

The configuration of the SI is similar to that of the anomaly for each cluster;

cluster SW shows the deepest anomaly, located over North Africa, of less than

-1.0.

3.1.2. Mean Sea Level Pressure

The mean state of each cluster shows a mean sea level pressure minimum lying

generally nearby the mean tornado location, as shown in Figure 4.

In clusters SW, SE and Ce the mean tornado locations are East of the mslp

minima, in an area of maximum pressure gradient. The locations of the minima

change among the clusters: between Sicily, Sardinia and Tunisia in SW, over the

Tyrrhenian Sea between Sardinia and central Italy in SE (thus, several hundreds

km far from the average tornado location), over an extensive area from the Lig-

urian Sea to the eastern Po valley and the northern Adriatic in Ce (the latter feature

may be indicative of some variability in the location of the minimum in the single
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Figure 4: Cluster mean sea level pressure. For each cluster (columns) we computed the average

mean sea level pressure (first row), its anomaly (second row) and normalized index (third row).

Anomaly and index are computed with respect to the composite climatology. Black stars indicate

the mean tornadoes coordinates.
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Figure 5: Cluster temperature at 900 hPa. For each cluster (columns) we computed the average

temperature at 900 hPa (first row), its anomaly (second row) and normalized index (third row).

Anomaly and index are computed with respect to the composite climatology. Black stars indicate

the mean tornadoes coordinates.

case). Differently, in clusters NW and No, the pressure minima and the mean tor-

nado locations are very close (the minima are located in the Gulf of Genoa and in

the Po valley, respectively).

3.1.3. 900 hPa Temperature

The average 900 hPa temperature field of each cluster is shown in Figure 5.

Clusters SW and SE are characterized by a warm anomaly over the Ionian Sea, ex-

tending northward from Libya, whose northernmost tip (with anomaly above 3◦C

and SI above 0.5) approaches Apulia region (SE cluster). As discussed in Migli-

etta et al. (2017a) for an EF3 case over the Ionian region, the tornado developed

when the northern end of the warm tongue was advected toward an area of strong

low-level shear (see later). Also, in SW and SE clusters, a weaker cold anomaly
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(SI below -1) extends southward to Algeria and Tunisia, due to the northerly flow

associated with the cyclonic circulation (see Figure 4).

In cluster Ce, in contrast, a weak warm anomaly (in absolute and relative

terms) develop over southern and central Italy, while a cold anomaly extends to

Sardinia and northern Italy, but the intensity of these anomalies in terms of SI are

rather small.

The northern clusters NW and No, in turn, show different patterns. The high

absolute values in the southern Mediterranean suggest that these cases occur mainly

during summer (Miglietta and Matsangouras, 2018). For cluster NW, tornadoes

occur in the presence of a cold anomaly entering the Po valley from the North-

West, and reaching on its southern side the Ligurian sea and Tuscany. The values

of this anomaly over the Italian regions is relatively small, in particular in terms of

SI. Cluster No is characterised by a colder anomaly North-West of the Alps; due

to the orographic blocking, the cold-air enters only marginally the Po valley, on its

western side, and produces a small negative anomaly in the Prealps. In contrast, a

warm anomaly still lies above the Adriatic Sea, so that the mean tornado location

is nearby the border between air masses of different characteristics.

It is worth noting that, in all cases, tornadoes develop in a region of 900 hPa

temperature between 12◦C and 15◦C.

3.1.4. 900 hPa Specific humidity

The 900 hPa specific humidity field shows high values in the areas affected

by tornadoes, in particular in clusters No and NW (specific humidity is above 9

g · kg−1 in Tuscany and northern Italy, and in the northern Adriatic, respectively).

However, in term of absolute anomaly and SI, the specific humidity in clusters

SW and SE show higher values over a wide area (above 2 g · kg−1 and above
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Figure 6: Cluster specific humidity. For each cluster (columns) we computed the average specific

humidity (first row), its anomaly (second row) and normalized index (third row). Anomaly and

index are computed with respect to the composite climatology. Black stars indicate the mean

tornadoes coordinates.
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Figure 7: Cluster vertical wind at 900 hPa. For each cluster (columns) we computed the average

vertical wind at 900 hPa (first row), its anomaly (second row) and normalized index (third row).

Anomaly and index are computed with respect to the composite climatology. Black stars indicate

the mean tornadoes coordinates.

1.0, respectively). The high values of humidity and the small departure from

climatology in No are indicative of the summer occurrence of tornadoes in this

cluster.

3.1.5. 900 hPa Vertical wind

Average low-level vertical winds (Figure 7) are indicative of a mesoscale en-

vironment favorable to ascending motion (negative values) in the areas of tornado

occurrences. For all cluster, but SE, this feature seems related to the orographic

uplift induced by the low-level wind circulation inferred from the pressure fields

(Figures 3 and 4), on the upstream side of the Alps and the Appenines. Nearby

the event sites, negative values are observed in terms of absolute anomalies and SI

(the latter generally below -1). Notably, the vertical motion in SW seems to be re-
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lated to a mesoscale feature over the northern Ionian Sea, rather than to orographic

forcing.

3.2. Mesoscale precursors

Among the most robust diagnostic atmospheric variables associated to torna-

does, as recalled in §1, we consider here: WS, CAPE, SRH and LCL.

Because of the lack of extensive samples for some clusters, we decided to re-

group all events in two classes, based on their intensity (EF1 or EF2+). Then, for

each class, we evaluated the SI values of both WS and SRH at various pressure

levels as reported in Figure 8. In that figure each violin represents the probabil-

ity density function (pdf) of a given distribution. Any such pdf, which has been

smoothed by convolution with a gaussian kernel, is oriented and reflected along

the vertical line. The internal white boxes within are standard box-plots highlight-

ing the 5th and 95th (whiskers), the interquartile range (boxes) and the median

(black dots).. The comparison among LLS, MLS and DLS revealed that LLS

turned out to be the precursor showing the largest departure from the climatology,

hence the 900 hPa level was chosen for wind shear. The SI median and 95th per-

centile of SRH900 hPa resulted slightly larger than that of SRH700 hPa. Consequently,

SRH900 hPa was preferred to SRH700 hPa for the analysis.

The variable and SI distributions or LLS, CAPE, SRH900 hPa, LCL are shown

in the violin plots of Figure 9. The distributions of the potential precursors showed

that EF2+ events are generally associated with more extreme SI values than EF1.

In terms of real values, instead, the differences between the two classes are less

clear, but EF2+ tornadoes generally show slightly larger values than EF1 in terms

of medians and percentiles. For example, although EF1 tornadoes have higher

extreme values of LLS (greater than 15 m · s−1), the EF2+ median is equal to
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Figure 8: Distributions of real values of mesoscale precursors (left panels) and standardized in-

dices (right panels) of DLS, MLS, LLS and SRH at 700 hPa and 900 hPa (EF1 red violins, EF2+

blue violins). Black dots indicate the median, white boxes bound the interquartile range and the

whiskers extend up to the 5th and the 95th percentiles.
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Figure 9: Distributions of mesoscale precursors (left panels) and standardized indices (right pan-

els) of low-level wind shear LLS, maximum updraft velocity WMAX, 1000 - 750 hPa storm

relative helicity and lifting condensation level LCL per tornado category (EF1 red violins, EF2+

blue violins). Black dots indicate the median, white boxes bound the interquartile range and the

whiskers extend up to the 5th and the 95th percentiles.
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(a) EF1

Variable 5th Median 95th

LLS 1.1 6.1 13.9

SRH900 hPa -0.5 43.5 187.5

WMAX 1.8 31.7 67.1

LCL 109 358 1139

(b) EF2+

Variable 5th Median 95th

LLS 2.5 8.2 13.1

SRH900 hPa 12.2 76 214.5

WMAX 15.1 36.9 61.3

LCL 174 438 1559

Table 1: Mesoscale precursors statistics for EF1 (a) and EF2+ (b) tornadoes in terms of their

medians and 5th and 95th percentiles. Units: m · s−1 for LLS and WMAX, m2 · s−2 for SRH and m

for LCL.

8.1 m · s−1, about 2 m · s−1 higher than the EF1 category (Table 1). Regarding

the SI, for LLS, WMAX and SRH900 hPa, EF2+ indices are greater than 0 (above

the mean climate conditions), except for some outliers in the WMAX and LLS

distributions (Figure 9). In particular, for WMAX and SRH900 hPa, values over

the 75th percentile, are greater than 4, revealing very strong index anomalies for

almost 25% of the events. For EF2+ tornadoes, the medians of SIs are 1.7 for LLS

and 2.4 for WMAX and 2.5 for SRH, i.e. much higher than the average climate

(Table 2). Regarding EF1 tornadoes, anomalies turn out to be less pronounced,

but still relevant (median values above 1), although about 25% of the cases are

below the climatology. For LCL, the absolute index values are generally smaller

than for the other variables, with a median around -0.9 and extreme values close

to -2 for EF1 tornadoes (slightly higher than EF2+). However, more than 75% of

LCL index values are below the climatologic value (Figure 9).
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(a) EF1

Variable 5th Median 95th

LLS -0.7 1.1 4.1

SRH900 hPa -0.5 1.5 6.4

WMAX -0.3 1.4 5.2

LCL* 0.4 -0.9 -1.9

(b) EF2+

Variable 5th Median 95th

LLS 0.3 1.7 4.2

SRH900 hPa 0.3 2.5 8.9

WMAX 0.4 2.4 6.7

LCL* 0.2 -0.9 -1.7

Table 2: SI statistics per variable for EF1 (a) and EF2+ (b) tornadoes. Values in bold correspond

to 5th percentiles of SI distributions far away above zero. *For LCL, which has negative mean SI,

the 5th and 95th percentiles have been reversed (e.g., 95th percetile refers to the value farther from

0).

The previous analysis has shown that extreme values of CAPE, low-level WS,

mid-level SRH and LCL are frequently associated with tornadic activity. It is then

natural to ask which mesoscale patterns of these variables are associated with

tornado occurrences. To satisfy this curiosity we analysed their mean fields and

the relative statistics similarly as §3.1. Moreover, in order to ensure/guarantee

the relevance of these statistics, we applied a statistical test aiming to establish

their significance (see Appendix B for details). It turned out that all the highest

anomalies occurring nearby the mean tornado sites were, indeed, significant.

3.2.1. Low-level Wind Shear

Higher values of LLS are reported in SW and SE areas. This pattern reflects

the anomaly and index configuration, with higher values of LLS over the Ionian

Sea for cluster SE, and over the Ionian and the southern Tyrrhenian seas for cluster

SW (Figure 10).

The mean LLS turns out to be strongly coherent among clusters, since the
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Figure 10: Cluster LLS. For each cluster (columns) we computed the average wind shear from

the surface to 900 hPa (first row), its anomaly (second row) and normalized index (third row).

Anomaly and index are computed with respect to the composite climatology. Black stars indicate

the mean tornadoes coordinates.
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Figure 11: Cluster CAPE. For each cluster (columns) we computed the average CAPE (first row),

its anomaly (second row) and normalized index (third row). Anomaly and index are computed

with respect to the composite climatology. Black stars identify the mean tornadoes coordinates.

maximum positive anomalies (above 2 m · s−1) occur in the neighbourhood of the

mean tornado occurrence in all cases. The strongest signal comes from the south-

ern clusters where indices become highly relevant, with values above 2 (anomalies

above 6 m · s−1); however, also in the other clusters, the values are greater than 1

near the tornado location.

3.2.2. CAPE

CAPE patterns highlight areas of potential instability, which surround the

mean tornado location of each cluster (Figure 11). The highest values are found

in cluster SW, where a wide area over the Ionian Sea, pretty close to the tornado

mean locations, shows values above 1600 J · kg−1.

The strongest anomaly is for cluster SW (about 1200 J ·kg−1), while the lowest

anomaly (about 600 J · kg−1) occurs for No. However, considering SI, the most
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Figure 12: Cluster storm relative helicity. For each cluster (columns) we computed the average

storm relative helicity from the ground to 900 hPa (first row), its anomaly (second row) and

normalized index (third row). Anomaly and index are computed with respect to the composite

climatology. Black stars indicate the mean tornadoes coordinates.

relevant departures from climatology are shown by SW and SE, which are charac-

terized by indices above 2.0, whereas the peak for the other clusters are generally

around 1.0. Although the CAPE values in cluster No are among the highest, the

anomaly is not extreme, since high values of CAPE can be frequently observed

during summer, when these events mostly occur (Miglietta and Matsangouras,

2018).

3.2.3. Storm Relative Helicity

The highest values of the 1000-900 hPa storm relative helicity occur for the

two southern clusters, as observed for CAPE and WS, with values close to 200

m2 · s−2 in cluster SE (Figure 12). In contrast, the value of SRH for the other

clusters is smaller, in particular for No where SRH is less than 75 m2 · s−2 nearby
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Figure 13: Cluster lifting condensation level. For each cluster (columns) we computed the average

lifting condensation level (first row), its anomaly (second row) and normalized index (third row).

Anomaly and index are computed with respect to the composite climatology. Black stars indicate

the mean tornadoes coordinates.

the mean tornado location. Anyway, positive anomaly and SI characterise all

clusters. Cluster SW, SE and NW, however, show larger anomalies and greater

departures from climatology, as SI is above 2.0 in extensive areas.

3.2.4. LCL

LCL is below the climatological values in all clusters. The anomalies are lower

(in absolute value) in the southern clusters, while the values of SI are comparable

(between -0.5 and -1.0) in all clusters (Figure 13). In cluster No, the tornado

location is at the border between anomalies of different sign, North of an area of

positive anomaly on the southern part of the North Adriatic Italian coast.
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Figure 14: SST anomaly maps regarding three main coastal areas where tornadoes occurred. Top

North-East, Middle) Tyrrhenian, Bottom) South-East. In the column on the left are present maps

relative to EF1+ tornadoes, on the right to EF2+

3.3. Sea Surface Temperature

A non-atmospheric parameter, SST, deserves a separate discussion. Miglietta

et al. (2017b) showed significant changes in supercell updraft helicity and vertical
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velocity associated with relative small variations of SST for a tornado over the

Ionian coast of Apulia region.

They suggested that a positive SST anomaly may favour supercell formation

and intensification originated as a waterspout over the Mediterranean region for

tornadoes of similar origin and evolution. Moreover, Marı́n et al. (2020) found

an increase in the atmospheric instability impacting the storm severity related

to small SST increases during tornadoes in south-central Chile. To investigate

this speculation we seized the opportunity of this study, involving a large number

of coastal tornadoes, in order to analyse the average SST anomalies in different

coastal sub-regions.

Because of the lack of a significant number of coastal tornadoes for each clus-

ter, we decided to merge together the tornadoes along the Ionian coast in cluster

SW and SE, those in clusters Ce and NW (along the central and northern Tyrrhe-

nian coast), and to finally consider the coastal tornadoes in No (along the northern

Adriatic). All coastal tornadoes were considered, included those originated just

inland, supposing the air-sea interaction may have modified the characteristics

of the air mass before reaching the region of tornadogenesis. Thus, three wider

sub-regions were created and the SST anomaly was calculated for each of them.

We obtained 31 EF1+ and 7 EF2+ tornadoes for the north-eastern sub-region, 40

EF1+ tornadoes and 6 EF+ tornadoes for the Thyrrhenian sub-region, 23 EF1+

and 8 EF2+ tornadoes for the southern area. In Figure 14, maps of SST anomaly

relative to EF1+ and EF2+ tornadoes (left and right column respectively), for the

three main sub-regions (North-East, Tyrrhenian, South-East), are shown. Regard-

ing the southern sub-region, a positive anomaly of more than 0.7◦C (over 0.9◦C

for EF2+ tornadoes) is present in the northern Ionian Sea, in agreement with the
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results of Miglietta et al. (2017b). This result suggests that SST positive anoma-

lies may play a significant role in the formation of tornadoes in this sub-region.

A warm SST anomaly, of about 0.4◦ − 0.5◦C, characterises the north-eastern sub-

region as well, with small differences between the two categories of tornado in-

tensity. Differently, for the Thyrrhenian area no relevant SST anomalies are found

(of about 0.2◦C), suggesting a limited impact of air-sea interaction processes in

the development of these tornadoes.

4. Discussion

We have seen in the previous sections that each cluster is characterised by

some peculiar characteristics; however, similar configurations have been detected

as well. Each mean state displays a geopotential minimum in the mid-troposphere,

over the north-western side of the mean tornado locations (Figure 3), indicating

the approach of a synoptic trough from the West. The configuration of the mean

sea level pressure, which is shifted to the south-eastern side with respect to the

upper-level depression (Figure 4), suggests that the structure is far from occlusion,

still in a phase of development.

If the baric configurations show similar patterns for all clusters, the same is

not true for the 900 hPa temperature. In southern clusters, tornado locations are

characterised by a warm air intrusion from the South, whereas in northern clusters

they are affected by a cold air intrusion from the North-West. The warm intru-

sion in the southern clusters is associated with the cyclonic circulation due to the

pressure configuration, which determines strong southerly winds from northern

Africa. In contrast, the mean sea level pressure minimum of northern clusters is

centered at the tornado mean sites and it is the high-level depression that brings
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upper-level colder air from continental Europe, increasing the potential instabil-

ity. The dynamics in cluster Ce are less clear: relevant anomalies are confined far

away from the location of this cluster. Figures 3 and 4 suggest that in cluster Ce

low-level winds are south-westerly, thus nearly orthogonal to the main coastline.

The change in roughness for parcels moving from sea to land affects the low-level

wind field near the coast, favouring the generation of convergence lines, which

are known to be a genesis mechanism for non-mesocyclonic tornadoes. Also, the

south-westerly winds move over rather uniform low level temperatures (Figure

5), and are not associated with significant advection. In conclusion, considering

also the relatively lower values (compared to the other clusters) of the mesoscale

precursors in terms of anomalies and SI one may suppose that different dynamics

develop for Ce tornadoes compared to other clusters. However, this point needs

further investigations in future studies.

A different behaviour is also detected for specific humidity (Figure 6), which

shows larger absolute values in the northern regions, but higher anomalies and

indices over the central and southern regions. For central and southern clusters the

mean winds come from the open sea, thus it is very likely that the incoming air has

increased its water content by ventilation. Differently, the fetch in northern regions

is much shorter, due to the land distribution. In these regions, tornadoes occur

mainly during summer (Miglietta and Matsangouras, 2018), thus the accumulation

of humidity in the low levels is due to the strong evaporation from sea, rivers

and lakes. In all cases the presence of high humidity content leads to increased

potential instability.

One may conclude that the main ingredients for tornado occurrence in south-

ern Italy are the presence of severe wind (shear) and moderate humidity content,
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Figure 15: 900 hPa specific humidity 24 hour differences. Cluster mean variable 24 hour before

the event (first row), on event time (second row) and the relative incremental fraction (third row).

gained by the air mass during its movement over the Mediterranean Sea. In the

northern cases, instability is triggered by the arrival of colder air over the Po Val-

ley in the mid-troposphere over very warm and moist low-levels, where humidity

is generated by the strong evaporation typical of the season of occurrence (sum-

mer). The latter point is also confirmed by the comparison with the humidity maps

24 hours before the tornado events (Figure 15). It can be seen that, in northern

regions, high humidity values were already present one day before the tornado oc-

currences, as a consequence of the evaporation of water bodies during the dry/hot

season. Differently, southern and central regions are mainly affected by moist

advection causing a 50% increase of local specific humidity in 24 hours.
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5. Conclusions

In this study we analysed the synoptic configurations and the large-scale varia-

tion of relevant mesoscale tornado precursors associated to tornado occurrences in

the Italian peninsula. We based our study on the dataset validated in Miglietta and

Matsangouras (2018) and extended by Ingrosso et al. (2020), considering torna-

does occurred between 2000 and 2018. To highlight the most relevant anomalies,

we selected only the events of EF category greater or equal to 1 and recorded with

high temporal accuracy. The chosen set, composed by 149 distinct events, was

further divided into 5 clusters by considering the geographical location and the

degree of dynamical similarity, the latter being based on the mean sea level pres-

sure synoptic configuration. Each cluster resulted to be representative of a specific

geographical region: namely southeastern Italy, Sicily, central Tyrrhenian coast,

northern Tyrrhenian coast and northern Italy/Po valley.

The analysed environmental variables were the geopotential height, mean sea

level pressure, temperature, specific humidity, vertical wind component, verti-

cal wind shear, CAPE, storm relative helicity, lifting condensation level and, for

coastal tornadoes only, the sea-surface temperature. Each variable was averaged

over the cluster elements to produce a mean atmospheric state representative of

a given cluster. In addition, we compared such typical states with their climato-

logical means, thus obtaining both quantitative and qualitative estimates of their

anomaly/exceptionality with respect to the mean climate. We identified specific

synoptic configurations favourable to tornadogenesis in the considered regions.

The analysis of relevant mesoscale tornado precursors, such as the storm relative

helicity, confirmed the triggering potential of these large-scale configurations.

Remarkably, high SST anomalies in the Ionian Sea were related with southern
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coastal tornadoes, in agreement with Miglietta et al. (2017b) who proved that

ocean heat fluxes may intensify updraft helicity and vertical velocity in a EF3-

tornado spawning supercell. For SE tornadoes, the main mean sea level pressure

disturbance is several hundred km far from the average tornado location. In fact,

the tornadoes occur when the northern end of a warm/moist tongue is advected

toward an area of strong low-level shear. In contrast, in northern regions, the

combination of high humidity content due to evaporation, with cold-air intrusion

from continental Europe was identified as peculiar driving mechanism related to

tornado occurrences. Further investigations are necessary to better understand the

role of SST for coastal tornadoes, especially considering its projected increase in

the future climate simulations (Kirtman et al., 2013).

This study confirms the important role of some mesoscale parameters such as

CAPE, wind shear, LCL an SRH for tornadoes over the Italian regions, as shown

by the large anomalies and SI values over all the clusters. Further analyses are

necessary in order to understand the possible different values of these anomalies

between mesocyclonic and non-mesocyclonic tornadoes and between tornadic and

non-tornadic thunderstorms.

Appendix A. Random Forest

Appendix A.1. Generalities

Random Forests are ensemble learning methods, where the model predictors

are decision trees (see Haupt et al. (2009) for an overview of learning methods).

In a RF, each tree is trained on a random sampling3 of the entire dataset and the

3In this study we randomly sampled 80% of the whole dataset each time
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model prediction is nothing else then the average prediction among trees.

During the training each tree is optimized as follows. At any step, if the ar-

resting criteria (e.g. weak information gain, few samples left) are unsatisfied, a

node is created and an input variable together with a threshold value are chosen to

reduce a prescribed error function, or impurity, E, splitting the data accordingly

with the variable and the threshold. For what concerns us, E has been chosen to

be the Gini’s impurity (or Gini’s diversity index in Breiman et al. (1984)), which,

at node n, is given by

En = 2pn(1 − pn),

where pn is the fraction of tornadic events of the training data at node n.

Each tree represents a classification scheme where, at any node, the input ob-

servation is tested and passed to one of the next two child nodes, until a terminal

node is reached and a prediction, about the probable class of the input observa-

tion, is made. Therefore, trees are usually adopted to make predictive analysis.

However, due to their simple interpretation, they may be used to gain additional

information. As we already said, at any node a single feature, chosen to reduce the

node impurity, has been identified. Therefore, the cumulative weighted sum over

the feature-related nodes of the impurity negative gradient, simply called feature

importance (Breiman (2001)), gives a measure of the variable relevance, ranging

from 0 to 1 accordingly with its relevance degree, in the classification scheme.

Appendix A.2. Set-up and training

The training dataset was built as follows. Firstly, for each tornado event, we

randomly sampled 9 more states in its climatology to compose the class of non-

tornadic events which, together with the class of tornadic events, defined a set of
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Figure A.16: Intra-species feature importances over 100 Random Forests. Blue bars and orange

lines indicate mean values and confidence intervals (5th-95th percentiles) respectively. Here fea-

tures are correlations of variable sections (at pressure levels p1 = 900, p2 = 800, p3 = 700, p4 =

600, p5 = 500 hPa) against principal components (c1, . . . , c10). Summing over the components

(light blue bars) gives the importance of a single variable section.

40



atmospheric states S 4. Secondly, we chose 4 different types, or species, of vari-

ables: geopotential height (z), temperature (t), specific humidity (q) and vertical

wind (w).

For each type x and sample s we took the sample-related variable sections xs,pi

at prescribed pressure levels pi of 900, 800, 700, 600 and 500 hPa. We denote

this set by S (x).

Due to the large amount of data defining each S (x), we applied a dimension-

ality reduction by principal component analysis (PCA). Precisely, for each state

s and each pressure level pi, we computed the first 10 principal components of

the variable xs,pi with respect to the full climatology of s, extracting the (absolute)

coefficients of the decomposition. The reduced input space is denoted by S (x)
10 .

We trained 100 RF classifiers composed by 50 trees on each reduced input

space, computing the features importance of each. To increase the sensibility of

the models to tornadoes we re-balanced the dataset during the training by weight-

ing the loss function. In this framework the features are correlations with the

principal modes of the variable x at the various pressure levels, therefore the cu-

mulative importance over all the components can be considered as the overall

importance of that variable section (precisely, of its re-assembled copy) in the

classification. It is worth noting that, at any run, each tree of the ensemble has

been tested against the unseen part of the dataset to assess the model reliability.

We evaluated the mean Heidke’s skill score hss (introduced in Heidke (1926)

and known among statisticians as Cohen’s κ from Cohen (1960)). This score takes

4We added more non-tornardic events with the aim of giving enough alternative configurations

41



values in (−∞, 1] as is given by

hss =
acc − rnd
1 − rnd

,

where acc is the model accuracy (fraction of right predictions) and rnd is the

probability of a random agreement between truth and prediction. By definition

negative values of hss indicate no or weak agreement between predictions and

observations, the zero value testifies that the model performances are good as

those of a random model based only on the classes proportions whereas higher

values indicate better performances. Obviously, a perfect classifier has hss = 1.

The models trained on z showed an hss with mean value 0.84 and a standard

deviation of 0.01, those on t a mean of 0.77 and standard deviation of 0.02, those

on q a mean of 0.37 and standard deviation of 0.02 and those on w a mean of 0.39

and standard deviation of 0.03.

It has to be noted that the models trained on z and t had higher performances.

This could be due to the fact that their first 10 principal modes explained a high

portion of the overall variability, values greater than 92%. On the contrary, the

other variables were poorly represented, with their 10 modes explaining 60% (for

q) or 40% (for w) of the entire variance.

Finally, after having identified the most relevant pressure levels for each vari-

able (500 hPa for z and 900 hPa for the others, as shown in Figure A.16), we

assembled a new reduced input dataset defined through the principal components

of the single level variables and compared the extra-species importances (as al-

ready discussed in the text). We noted that, in this case, the average hss on the

unseen data was 0.81 with a standard deviation of 0.16. The mean hss was lower

for the model trained on z only, indicating the presence of relevant information in

lower-level heights too.
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Figure B.17: Significant mean anomalies of LLS (first row), CAPE (second row), SRH900 hPa (third

row) and LCL (fourth row) per cluster (columns). Only areas in which the mean cluster anomaly

is different from zero with a significance level (Student’s t-test) of 5% are shown.

Appendix B. Significance of precursors anomalies

To assess the relevance of the mesoscale precursors anomaly maps shown in

§3.2, we performed a Student’s t-test for each cluster. We rejected the null hy-

pothesis of zero average anomaly with a significance level of 5%. Anomalies

significantly different from zero are shown in Figure B.17.
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